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ABSTRACT
R e la tiv e  v a lues  o f  th e  r a te  c o n s ta n ts  (e q u a tio n  l )  fo r  
hydrogen atom a b s t r a c t io n  from a number o f  o rg an ic  s u b s t r a te s  by 
cy c lo h e x a n e th ly l and b e n z e n e th ly l r a d ic a ls  a t  80°C a re  re p o r te d .
k -
RS. +  QH - - 2 - >  RSH + Q. ( l )
Both t h i y l  r a d ic a ls  proved to  be h ig h ly  s e le c t iv e  in  hydrogen 
a b s t r a c t io n  r e a c t io n s .  E x c e lle n t c o r r e la t io n s  w ith  c’̂  c o n s ta n ts  
were found fo r  r in g - s u b s t i tu te d  e th y lb en zen e  d e r iv a t iv e s  (p”*" = - 0 .5 9  
and - 0.62  f o r  cy c lo h ex an e th ly l and b e n z e n e th ly l r e s p e c t iv e ly ) .  
P rovided s o lv e n t e f f e c t s  a re  n o t im p o rta n t, th e se  s im i la r  v a lues  
a re  in c o n s is te n t  w ith  A. A. Z a v itsa s  views on p o la r  e f f e c t s  in  
f r e e - r a d ic a l  r e a c t io n s .  This in c o n s is te n c y  ex tends to  th e  d i f f e r e n t  
p v a lues  e x h ib ite d  by bromine atoms (O .86 ) and c y c lo h e x a n e th ly l 
r a d ic a l s .  The s im i la r  b eh av io r o f  cy c lo h e x a n e th ly l and b e n z e n e th ly l 
r a d ic a ls  in  p ro tium  and deu terium  a b s t r a c t io n  r e a c t io n s  su g g es ts  
th a t  th e  d is s o c ia t io n  e n e rg ie s  o f  th e  S-H bonds in  cy c lo h ex an e th lo l 
and b e n z e n e th io l do n o t d iv e rg e  as w idely  as i s  g e n e ra l ly  b e lie v e d .
The key fe a tu re  o f  th e  methods used to  o b ta in  th e se  d a ta  i s  
to  u t i l i z e  t r i t iu m - la b e le d  t h i o l  (rsH *) as a s o lv e n t .  T h iy l r a d ic a ls  
a re  g en e ra ted  (eq u a tio n s  2 and 3 ) v ia  therm al hom olysis o f  azo - 
b i s i s o b u ty r o n i t r i l e  (AIBN).
x i
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AIBN -* 2A* +  Na (2 )
A- + RSH -♦ AH +  RS* (5 )
Hydrogen a b s t r a c t io n  by t h i y l  from a hydrogen donor (qh) in  th e  
system  (eq u a tio n  l )  le ad s  to  la b e lin g  (e q u a tio n  4 ) ,  and i s  r e -
Q- +  RSH* -, QH* +  RS* (4)
la te d  to  th e  r a d io a c t iv i ty  in c o rp o ra te d  in to  th e  reco v ered  QH.
Two independent methods w ere developed . In  th e  c o m p e titiv e  
scheme , two donors QH and Q°H compete f o r  r e a c t io n  w ith  t h i y l  
r a d ic a l s .  In  th e  s ta n d a rd  r e a c t io n  scheme, th e  co m p e titio n  in v o lv e s  
one donor and tr ip h e n y l p h o sp h ite  (e q u a tio n  ^ ) .
(PhO)3P + CqHiiS* -» (PhO)3?S + CgHii. (5 )
In  th i s  scheme, d é s u lfu r a t io n  (e q u a tio n  i s  a s ta n d a rd  r e a c t io n ,  
m onitored by m easuring th e  t o t a l  amount o f  cyclohexane formed v ia  
re a c tio n  6 .
CgHii* + CqHi i SH -* CqHx2 +  CqHi i S* (6)
Iso to p e  e f f e c t s  a re  invo lved  in  th e  c a lc u la t io n s ,  b u t th ey  can be
ev a lu a te d  in d ep en d en tly .
x i i
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CHAPTER 1 .  INTRODUCTION
I .  GENERAL DISCUSSION 
Hydrogen a b s t r a c t io n  i s  th e  most common r e a c t io n  th a t  f r e e  
r a d ic a l s  undergo^ and I t  p o sse sse s  fundam ental Im portance In  chem­
i s t r y  as w e l l .  The o n ly  s e r io u s  a ttem p ts  to  c a r ry  o u t a t h e o r e t i ­
c a l  e v a lu a tio n  o f  a c t iv a t io n  e n e rg ie s  have cen te red  on th e  sim ple 
atom t r a n s f e r  r e a c t io n  (eq  l )  between a hydrogen m olecule and a
A* + B-C -* A-B + C* (1)
hydrogen atom .^  F urtherm ore , t r a d i t i o n a l  views on th e  f a c to r s  
a f f e c t in g  a c t iv a t io n  e n e rg ie s  In  hydrogen a b s t r a c t io n s  were r e ­
c e n t ly  cha llen g ed  by A.A. Z a v itsa s^  and a l i v e ly  c o n tro v e rsy .h a s  
ensued .
Many review ers'^  have c h a rte d  t h i s  a re a  o f  f r e e - r a d i c a l  chem­
i s t r y ,  n o ta b ly  Trotm an-Dlckenson^ and C. W alling.®  Trotm an- 
D lckenson and Mllne*^ com piled a l i s t  o f  a b so lu te  r a t e  c o n s ta n ts  
f o r  hundreds o f  r a d ic a l  hydrogen a b s t r a c t io n  re a c t io n s  and, very  
r e c e n t ly ,  G.A. R u sse ll^  has c r i t i c a l l y  examined developm ents In  th e  
f i e l d .
However, a t  th e  tim e th i s  re s e a rc h  was u n d ertak en , no quan­
t i t a t i v e  d a ta  on hydrogen a b s t r a c t io n  by u n s u b s t itu te d  t h i y l  r a d i ­
c a ls  (eq 2) had been p u b lish e d . The Im portance o f  t h i y l  r a d ic a ls
kg
RS. + QH ------ > RSH + Q* ( 2)
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in  o rg an ic  chem iotry  and r a d ia t io n  b io lo g y  can be d isc e rn e d  from 
th e  volume o f  l i t e r a t u r e  devoted to  t h e i r  s t r u c tu r e ,  g e n e ra tio n  
and r e a c t i v i t y .  The r e a c t io n s  o f  t h i y l  r a d ic a ls  have been th o r ­
oughly reviewed,®  a lth o u g h  most s tu d ie s  focused  on t h e i r  form a- 
tion®*^»® o r t h e i r  a d d i t io n  to  o lefins,® *’ »®
Hydrogen a b s tr a c t io n  by t h i y l  r a d ic a ls  from o rg an ic  s u b s t r a te s  
i s  amply docum ented;®f“k work by C. W alling  and R. Rabinowitz^® and 
by B.C. Kooyman^^ provided  im p o rtan t q u a l i t a t iv e  and se m i-q u a n ti­
t a t i v e  in fo rm a tio n . R ichard M. K ellogg , in  a re c e n t review ,® h has 
im plied  th a t  i t  m ight no t be p o s s ib le  to  g a th e r  q u a n t i t a t iv e  d a ta  
on r e a c t io n  2 , s t a t in g  th a t  " th i s  i s ,  a t  b e s t ,  a d i f f i c u l t  problem , 
because o f  k in e t ic  co m p lica tio n s  r e s u l t in g  from th e  r e v e r s i b i l i t y  
o f th e  a b s t r a c t io n  r e a c t io n " .
R eac tio n  2 i s  o f te n  n e a r ly  th e rm o n eu tra l and e a s i l y  r e v e r s i ­
b le ,  s in c e  i t s  a c t iv a t io n  energy i s  rem arkably  low.®^»^^® I t s  r e ­
v e rs e  (eq ) )  i s  indeed w idely  used to  form th i y l  r a d ic a ls  by ho-
RSH +  Q* -  RS* + QH ( 5 )
m o lysis  o f  f r e e - r a d ic a l  i n i t i a t o r s  in  th e  p resen ce  o f  thiols.®®»*’
Eq 5 a ls o  r e p re s e n ts  th e  e f f i c i e n t  scavenging  o f  ca rb o n -ce n te red  
r a d ic a l s  by t h i o l s ,  th e  ch a in  t r a n s f e r  o f  m a c ro rad ica ls  w ith  m er- 
c a p ta n s , and one o f  th e  ch a in -p ro p ag a tin g  s te p s  in  th e  f r e e - r a d ic a l  
a d d i t io n  o f  th io l s  to  o le f in s .
F u rtherm ore , eq 5 i s  among th e  p ro cesse s  assumed to  be i n ­
volved in  t h i o l  r e p a ir^ ^  o f  r a d ia t io n  damage to  l iv in g  c e l l s .  For
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
exam ple, I r r a d i a t i o n  can lead  to  C-H bond hom olysls In  a blopolym er 
(eq  4 ) ,  and th e  Q* r a d ic a l  can th e n  be " r e p a ir e d ” by t h i o l  (eq  5 ) .
(4 )
T h io ls  a re  th e  most u s e fu l  o f  th e  r a d ia t io n  p ro te c t in g  d ru g s .
I f  r e a c t io n  2 can occur w ith  b lo m o lecu les , th e  t h i y l  r a d ic a l s  p ro ­
duced In  th e  r e p a i r  r e a c t io n  (eq  3 ) cou ld  a c t  to  t r a n s f e r  th e  s i t e  
o f  damage to  a n o th e r  m olecule o r  to  a n o th e r p o s i t io n  In  a  blopolym er 
m o lecu le . R a d ia tio n  b io lo g is t s  would th e re fo re  b e n e f i t  from q u a n t i ta ­
t iv e  d a ta  on r e a c t io n  2 . T h is k ind  o f  d a ta  should  a ls o  a llo w  chem­
i s t s  fo r  th e  f i r s t  tim e to  a s s e s s  th e  s e l e c t i v i t y  and p o la r  c h a r­
a c te r  o f  t h i y l  r a d ic a l s .
Thus, I t  I s  s t r ik in g  t h a t ,  w h ile  r e l a t i v e  r e a c t i v i t i e s  and 
Hamnett p v a lu es  In  hydrogen a b s t r a c t io n s  w ere a v a i la b le  f o r  most 
o f  th e  common r a d ic a ls  encoun tered  In  o rg a n ic  ch em is try , 
th e  t h i y l  r a d ic a l  was a  n o ta b le  e x c e p tio n . Our work was In tended  
to  f i l l  t h i s  v o id . F in a l ly ,  I t  a ls o  was hoped th a t  d e ta i le d  s c ru ­
t in y  o f eq 2 would shed l i g h t  on th e  f a c to r s  u n d erly in g  th e  r e ­
m arkably low a c t iv a t io n  e n e rg ie s  Involved  In  th e rm o n eu tra l and 
s l i g h t ly  endotherm ie a b s t r a c t io n  re a c tio n s  when th i y l  r a d ic a l s  -  
as opposed to  ca rb o n -cen te red  r a d ic a ls  -  a c t  as hydrogen 
a c c e p to r s ,9 f
Because th e re  were no q u a n t i ta t iv e  d a ta  In  th e  l i t e r a t u r e  
w ith  which to  compare our r e s u l t s ,  we have developed two In d e­
pendent methods fo r  th e  q u a n t i ta t iv e  study  o f  r e a c t io n  2 . Both
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were conceived and designed  to  ta k e  advan tage o f  th e  v ery  r e v e r s i ­
b i l i t y  o f  r e a c t io n  2 which had h in d ered  p rev io u s  s tu d ie s , .  T h e ir  key 
f e a tu r e  i s  th e  use  o f  t r i t iu m - la b e le d  th i o l  (RSH* o r  ArSH*) as a s o l ­
v e n t; in  th i s  environm ent Q* r a d ic a ls  g en era ted  by r e a c t io n  1 a b s t r a c t  
hydrogen from RSH* (o r  ArSH*) to  refo rm  th e  s u b s t r a te  QH* which i s  
now t r i t iu m  la b e le d  (eq  5)* The le v e l  o f  r a d io a c t iv i ty  i n  th e  r e -
Q* + RSH* -  QH* + RS* (5)
covered QH can  be r e la te d  to  kg , th e  s p e c i f i c  r a t e  c o n s ta n t fo r  
r e a c t io n  2 . T r i t iu m -is o to p e  e f f e c t s  a re  invo lved  in  th e  c a lc u la ­
t i o n ,  b u t th e y  can be e v a lu a te d  in d e p e n d e n tly .^
Our f i r s t  scheme in v o lv es  th erm al hom olysis o f  2 ,2 '- a z o b is -  
i s o b u ty r o n i t r i l e  (AIBN) in  so lv e n t RSH* (o r  ArSH*) c o n ta in in g  two 
d i f f e r e n t  hydrogen don o rs , QH and Q°H. The r a d ic a l s  from th e  i n i ­
t i a t o r  a b s t r a c t  hydrogen from th e  t h i o l  to  form t h i y l  r a d i c a l s ,  and 
th e se  r a d ic a ls  in  tu rn  a b s t r a c t  hydrogen from th e  d o n o rs . The Q* and 
Q° r a d ic a ls  th en  undergo r e a c t io n s  6 and 7 and o r ig in a te  t r i t iu m -  
la b e le d  m o lecu le s .
Q* + RSH* -  QH* +  RS* ( 6 )
Q* + RSH* -> Q°H* + RS* ( j )
I n  th e  second scheme, tr ip h e n y l p h o sp h ite  (TPP) re p la c e s  one 
o f  th e  hydrogen donors in  th e  form er system . The t h i y l  r a d ic a ls
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now p a r t i t i o n  between r e a c t io n  w ith  TPP^^ (eq  8) and hydrogen ab­
s t r a c t io n  from QH (eq 2 ) .  The r e l a t i v e  r a t e s  o f  hydrogen a b s t r a c ­
t io n  (eq 2 ) and d é s u lfu ra t io n  (eq 8 ) a re  m easured by m on ito ring  
th e  le v e l  o f  t r i t iu m  In c o rp o ra tio n  In to  QH and th e  amount o f RH 
formed (eq 9 )* In  th i s  system  d é s u lfu ra t io n  I s  th e  " s ta n d a rd " ,
kp
RS- + (CgHsOXsP — ^  R. + (CeHsOj^PS (8 )
R- + RSH*  > RH* + RS- (9 )
o r " p i l o t " ,  r e a c t io n  o c c u rr in g  In  co m p e titio n  w ith  hydrogen ab ­
s t r a c t i o n ;  a knowledge o f  th e  s p e c i f ic  r a t e  c o n s ta n t o f  th e  s ta n d ­
ard  r e a c t io n  would en ab le  us to  c a lc u la te  a b so lu te  r a t e  c o n s ta n ts  
kjj (see  Appendix M).
I I .  LITERATURE SURVEY 
The rem ainder o f  th i s  ch ap te r  I s  devoted to  a s e le c t iv e  r e ­
view o f th e  l i t e r a t u r e .  Only c o n tr ib u tio n s  o f  s p e c ia l  re le v a n c e  
to  th i s  r e s e a rc h  a re  d is c u s s e d , and th e  rev iew  Is  o rg an ized  In  a 
l o g i c a l ,  r a th e r  th an  a c h ro n o lo g ic a l ,  o rd e r .
A. SCOPE OF HYDROGEN ABSTRACTION BY THIYL RADICALS
E arly  o b se rv a tio n s  concern ing  a b s t r a c t io n  o f  b e n z y llc  and 
a l l y l l c  hydrogens by th i y l  r a d ic a ls  a re  ad eq u a te ly  covered In
re fe re n c e s  9a» I» h ,  1 , and 1 0 . These o b se rv a tio n s  can be ex ­
p la in ed  by re a c t io n s  IO -I5 , w herein AHg I s  a g e n e ra liz e d  hydrogen 
donor. In  1952, A .F . B lck e l and E .C . Kooyman p u b lish ed  a
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USSR -BSÊESL-> 2RS* (10)
RS* + AHa ------------ > RSH + *AH (11)
•AH + RS*  > A + RSH (12)
2*AH  > AaHa (15)
communication^^* on "Hydrogen T ra n s fe r  by T h io ls " ,  d e a lin g  m ain ly  
w ith  th e  e f f e c t  o f  t h i o l s  on th e  therm al decom position  o f  1 ,1 ' -  
d ip h en y lazo e th an e . In  i n e r t  s o lv e n ts  a t  125°C, l , l '- d ip h e n y la z o -  
e thane  y ie ld s  1 -p h e n y le th y l r a d ic a l s ,  which d im erize  to  2 , 5 - d i -  
pheny lbu tane , eq l 4 .  N itrogen  i s  q u a n t i t a t iv e ly  evolved and no
CeH5CH(CH3)N=NCH(CH3)CeH5 — > Na + H3CCH(CeH5)CH(CeH5)CHa (l4)
ethy lbenzene  could  be d e te c te d .  However, in  th e  p resence o f  " a  
tw ice  m olar p ro p o rtio n "  o f  n -o c ta n e th io l  o r th io p h e n o l, th e  azo 
compound i s  dehydrogenated (eq 15 ) to  phenyl m ethyl k e ta z in e
C eH 5 C H (C H 3 )N = N -C H (C H 3 )C eH 5  +  2 R S *  -  C e H sÇ -N -N ^ Ç C a H s +  2 R S H  ( I 5 )
C H s CH3
(acetophenone a z in e ) ,  th e  amount o f  n itro g e n  evolved drops by 
about 42^ , and a f r a c t io n  o f  th e  p h en y le th y l m o ie tie s  i s  con­
v e r te d  in to  e thy lbenzene  (eq 1 6 ) .  The co n c lu sio n  i s  reached  th a t
C6 H sC H (C H 3 )  +  RSH -  CgH gCH aCH a +  R S* (16)
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t h i y l  r a d ic a l s  a re  more r e a c t iv e  th a n  1 -p h e n y le th y l r a d ic a l s  in  
hydrogen a b s t r a c t io n ,  s in c e  o n ly  th e  form er were cap ab le  o f  d e - 
h y d ro g en a tin g  th e  s u b s t r a te  (eq I 5 ) .
Upon a d d i t io n  o f  9 ,1 0 -d ih y d ro a n th ra c e n e  to  th e  azo compound- 
t h i o l  system  (m olar r a t i o s  1 :1 :2  r e s p e c t iv e ly ) ,  th e  n it ro g e n  y ie ld  
becomes 98^  and e th y lbenzene  and b ia n th r y l  ( l l )  form (eqs I 7 and 
1 8 ) .  Now "hydrogen donor and azo d e r iv a t iv e  compete fo r  th e  t h i y l
+ RS* + RSH (IT )
21 (18)
r a d i c a l s ,  th e  amount o f  n i t ro g e n  evolved  b e in g  a m easure o f  th e  
r e a c t i v i t y  o f  th e  d o n o r " . O n l y  one mole o f  t h i o l  i s  d e s tro y ed  
fo r  every  fo u r moles o f  e th y lb en zen e  formed ; th e re fo re  i t  i s  e v i ­
d e n t th a t  th e  m ercap tan  i s  r e c y c le d . R eac tio n s  20 and 21 a llo w  a 
th iy l-m e d ia te d  t r a n s f e r  o f  hydrogen from 9 ,10 -d ih y d ro an th racen e  
(DHg) to  1 -p h e n y le th y l r a d ic a l s ;  i t  must be p o in ted  ou t th a t  9 ,1 0 -  
d ih y d ro an th racen e  r e a c ts  slow ly w ith  1 -p h e n y le th y l r a d ic a ls  
(eq  19 ) .  Kooyman a ls o  used AIBN to  dehydrogenate  a c t iv e  hydrogen
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PhCH(C%) + DHa -H ->  PhCHa-CHa + DH* ( I 9 )
RS* + DHa > RSH + DH* (20)
RSH +  PhCHfCHg) ------ > RS* + Ph-CH-CHa ( 2 l )
H
donors In  th e  p resence  o f  t h i o l s . I n  c lo s in g ,  th e  au th o rs  
su g g est th a t  hydrogen a b s t r a c t io n  re a c t io n s  in v o lv in g  th i y l  r a d i ­
c a ls  a re  c h a ra c te r iz e d  by r a th e r  low a c t iv a t io n  e n e rg ie s  and easy  
r e v e r s i b i l i t y  th a t  c o n t ra s t  w ith  th o se  o f  hydrogen a b s t r a c t io n s  by 
a lk y l  r a d ic a ls  from hydrocarbon donors.
F .D . Greene and co-workers^® in  1970 examined th e  e f f e c t  o f  
0 .606  M th io p h en o l on th e  th e rm al decom position  o f  O.067 M meso- 
l , l '- d ip h e n y la z o e th a n e  in  benzene, n itro b e n z e n e , and n-hexane a t  
105° C. T h e ir  f in d in g s  (eqs 22 and 25) ag ree  w e ll w ith  B ick e l and
PhCH-N=N-CHPh Ng + PhCH—CHPh
I J  C g H e  I I ( 2 2 )
CH3 CH3 CH3 CH3
PhCH-N=N-CHPh PhCH—CHPh + PhC=N-N“CPh +
I 1 P h S H  I I  I I
CH3 CH3 ÔH3 ÔH3 CH3 CH^
~  1056
CH3
PhCHaCH3 + PhgSa + PhCH-SPh
~  57$ ~  39$ ~  1$
Kooyman's, whose work on th e  same re a c t io n  was perform ed b e fo re  
th e  adven t o f  g lc .  I n  th e  absence o f  th io p h en o l and in  benzene
( 25)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
s o lu t io n ,  an 88^ y ie ld  o f  2 ,3 -d lp h en y lb u tan e  r e s u l t s ,  th e  rem ain ing  
12^ vas  a r b i t r a r i l y  a sc r ib e d  to  d is p ro p o r t io n a tio n  which gave s ty ­
ren e  and e th y lb en zen e . A p p aren tly , Greene and h is  co-w orkers were 
unaware o f  th e  work p re v io u s ly  done by th e  Dutch group, s in c e  no 
r e fe re n c e  to  I t  was made.
A hydrogen t r a n s f e r  ch a in  r e a c t io n  a ls o  seems to  o p e ra te  In  
th e  th lo l - c a ta ly z e d  d e c a rb o n y la tlo n  o f  aldehydes^^  i n i t i a t e d  by 
e i t h e r  m ethy l cv-azo lsobu ty rate  o r  AIBN (eqs 2it--2f). The use o f
R' + r '-CHO r ' h + r '-C=0 (2*f)
RS* + r '-CHO ------ > RSH + r '-C=0 (25)
R'-C=0 ------ > R( +  CO (26)
Rf + RSH ------ > r ' h + RS* (2?)
t h i o l s  as " c a ta ly s t s "  was prompted by th e  p io n e e rin g  work o f  th e  
Dutch group.
In  1955» S.G. Cohen and C.H. Wang^® observed  th a t  sun lamp 
I r r a d i a t i o n  o f  a  d i l u te  s o lu t io n  o f  d ipheny l d i s u l f id e  In  d lp h e n y l-  
methane a t  40-50°C lead s  to  1 ,1 ,2 ,2 - te tr a p h e n y le th a n e  In  y ie ld  
(eqs 28- 50) .  Under s im ila r  c o n d i t io n s .  I r r a d ia t io n  o f  a su sp en sio n
PhaSa - ^ >  2PhS* ( 28)
PhS* + PhaCHa  > PhSH + PhaCH ( 29)
2PhaCH----- > PhaCHCHPha (50)
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10
o f  c y s t in e  in  diphenylm ethane a t  100° C r e s u l t s  in  a  28$ y ie ld  o f
1 .1 .2 .2 - te t r a p h e n y le th a n e .  The same a u th o rs  examined th e  exchange 
o f  PhgCH" w ith  Ph2*CHg by decom position  o f  PhaCH-N^N-CHPha in  
Pha*CHa la b e le d )  a t  60°C and ra d io a ss a y  o f  th e  r e s u l t in g
1 .1 .2 .2 - te t r a p h e n y le th a n e .  E s s e n t i a l ly  no exchange was observed  
in  th e  absence o f  t h i o l  (eq  JL) b u t th e  a d d i t io n  o f  0 .0 4  M th io -
PhaCH + Pha*CHa PhaCHa + Pha*CH ( j l )
phenol le d  to  17$  exchange and to  a reduced  y ie ld  o f  te tr a p h e n y l-  
e th a n e . The re a c t io n s  which occur in  th e  p resence  o f  t h i o l  a r e  
re p re s e n te d  by eq u a tio n s  52- 5^ :
PhgCH + PhSH -  PhaCHa + PhS* ( 52 )
PhS. + Pha*CHa PhSH + Pha*CH (55 )
Pha*CH + P h ^H  -  Pha^CHCHPha (5^)
A gain , B ic k e l and Kooyman's id e a s  a re  e x p e rim e n ta lly  confirm ed . 
R eac tio n  )1  i s  th e rm o n e u tra l; how ever, i t s  a c t iv a t io n  energy  m ust 
be h ig h e r  th a n  th a t  o f e i t h e r  32 o r  55 » even though hydrogen ab ­
s t r a c t i o n  by PhS* from Pha*CHa (eq  33 ) i s  supposedly^® endotherm ie 
by 9 k c a l mole
In  a  s e r ie s  o f  e le g a n t studies,® ®  S .6 . Cohen has shown th a t  
m ercaptans and d is u l f id e s  i n  low c o n c e n tra tio n s  may a c t  as a  hydro­
gen pool to  re p la c e  hydrogen atoms a b s tr a c te d  by e x c ite d  m o lecu le s .
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E quation  35 d e p ic ts  hydrogen a b s t r a c t io n  by b e n z e n e th iy l from th e
PhgCOH + ArS. -  PhaC-O +  ArSH ( 35)
benzhydrol r a d i c a l .  R eac tion  35 i s  an e lem en tary  p ro cess  th a t  i s  
assumed to  o p e ra te  in  a model system  in v o lv in g  p h o to red u c tio n  o f  
benzophenone in  2 -p ro p an o l. For fu th e r  work on t h i y l  c a t a ly s i s  o f  
hydrogen t r a n s f e r ,  and fo r  a lu c id  re s ta te m e n t o f  B ick e l and 
Kooyman's v iew s, th e  re a d e r  i s  r e f e r r e d  to  S.G. C ohen 's review.® ^ 
In  1963 , U. Schmidt and A. M & lle r^  succeeded in  i s o la t in g  
a r e n e th iy l  r a d ic a ls  th a t  were formed by p h o to ly s is  o f  d ia r y l  d i ­
s u l f id e s  in  th e  gaseous p h ase , and th e n  condensed a t  T7°K on a 
co ld  f in g e r .  The red  p roduct from th e  p h o to ly s is  o f  d ip h en y l d i ­
s u lf id e  was c h a ra c te r iz e d  as th e  b e n z e n e th iy l r a d ic a l  by recom bi­
n a tio n  to  form PhgSg, by e le c t r o n  param agnetic resonance  s p e c tro s ­
copy, and by r e a c t io n  w ith  cumene to  form PhSH. C onsequen tly , 
even (re so n an ce  s ta b i l i z e d )  a r e n e th iy l  r a d ic a ls  a r e  cap ab le  o f  
a b s t r a c t in g  hydrogen a t  low tem p era tu res  from donors th a t  have 
b e n z y lic  hydrogens.
T h is  s e c t io n  comes to  an end w ith  comments on th e  work done 
by E .S . Huyser and R.M. K e llo g g ^  on hydrogen a b s t r a c t io n  from th e  
fu n c tio n a l  carbon o f  a lc o h o ls  and amines th a t  have a  P -m ethy lth io  
s u b s t i tu e n t .  T h io e th e r I I I ,  f o r  exam ple, i s  re p o r te d  to  undergo 
hydrogen a b s t r a c t io n  a t  125°C. E quations 36 and 37 d e p ic t  th e  
key s te p s :
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CH3SCH2CCH3 CHaS* + ch2=cch3 (57)
Huyser and K ellogg b e lie v e  th e re  I s  a r e a l  p o s s i b i l i t y  th a t  th e  
above r e a c t io n  s te p s  a re  co n ce rted ; t h i s  I n te r a c t io n  would p rov ide  
some d r iv in g  fo rc e  fo r  th e  a b s t r a c t io n .
In  co n c lu s io n , a l l y l l c  and b e n z y lic  hydrogens, a ld eh y d lc  
hydrogens, and th e  a lp h a  hydrogens o f  c e r t a in  a lc o h o ls  and amines 
have been found s u s c e p t ib le  to  a b s t r a c t io n  by b o th  a lk a n e th ly l  
and a r e n e th iy l  r a d ic a ls  under m ild  c o n d it io n s .
B. ATTEMPTS AT OBTAINING RELATIVE REACTIVITIES
In  1959» C. W alling  and R. R ablnow ltz^° e lu c id a te d  th e  d e­
t a i l s  o f  a s e r i e s  o f  r e a c tio n s  which ta k e  p la c e  d u rin g  th e  pho­
t o l y s i s  o f  I s o b u ty l d i s u l f id e  In  cumene w ith  2557^  l i g h t  a t  55°C.
The p ro d u c ts  o f  t h i s  r e a c t io n  a re  I s o b u ty l m ercap tan , dlcum ene, 
hydrogen, and a complex m ix tu re  o f  s u l f id e s .  C onversion o f  d i ­
s u l f id e  to  t h i o l  was found to  reach  a  c o n s ta n t o r  " s te a d y  s t a t e "  va lu e  
which I s  Independent o f l i g h t  I n te n s i ty  o r  d i s u l f id e  con­
c e n t r a t io n .  The I n i t i a l  r a t e  o f  convers ion  o f  d is u l f id e  to  t h i o l  
was found to  be a fu n c tio n  o f  l i g h t  i n t e n s i t y  b u t no t o f  d i s u l f id e  
c o n c e n tra tio n .
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To e x p la in  th e se  r e s u l t s ,  th e  a u th o rs  su g g es t th a t  i n i t i a l l y  
i s o b u ty l th io l  and dlcumene a re  produced as  a  r e s u l t  o f  r e a c tio n s  
58 -40 . However, co m p e titiv e  energy  a b s o rp tio n  by th e  t h i o l  le a d s
i-BuSSi-Bu - ^ >  2i-BuS« ( 58)
ÇH3
i-BuS* +  PhCH ------ > i-BuSH +  PhC-CHg ( 59)
CH3 CHa
GH3 CH3 CH3
2 PhC  > PhC-----CPh (40)I I I
CHa CHa CH3
to  i t s  consum ption (eq  4 l ) . At th e  s tead y  s t a t e ,  th e  r a t e s  o f
i-BuSH - ^ >  i-B uS . + H* ( 4 l )
t h i o l  fo rm atio n  and t h i o l  hom olysis become e q u a l .  The p resen ce  
o f  o n ly  t r a c e s  o f  s u l f id e  IV in  th e  r e a c t io n  m ix tu re  was a t t r i ­
bu ted  to  photochem ical r e v e r s a l  (eq  42) o f  th e  r e a c t io n  by which
CHa CHa




i t  i s  formed (eq  4 5 ) .  C ross-d is p ro p o r t io n a t io n  betw een a  cumyl
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CHa GHa
1-BuS* +  'CPh -» 1-BuS-CPh (4 5 )
I -  I '  '
CHa CH3
I I I
and a t h i y l  r a d ic a l  (eq  44) le a d s  to  V. Isopropeny lbenzene (V) i s  a
CHa
PhC' + i-B uS ' -• PhC-CHa + i-BuSH (44)
CHs CHs
key in te rm e d ia te  in  th e  proposed scheme because a  s e r ie s  o f  r e a c ­
t io n s  t r ig g e re d  by V a re  invoked to  e x p la in  th e  fo rm atio n  o f  
s u l f id e s  (some p o sse ss in g  m o lecu la r w eigh ts  above 400) as p ro d u c ts  
(eqs 45 -4 9 )•  S u lf id e  VI fo r  in s ta n c e ,  was p o s i t iv e ly  i d e n t i f i e d .
P h C -C H a  +  i - B u S '  P h C - C H a - S - i - B u  (4$)
CHa CHa
P h C - C H a - S - i - B u  +  1,-B u S H  P h C H - C H a - S - j , - B u  +  i - B u S '  (46) 
CHa CHa
V I
CHa P h  CHa
P h C - C H a - S - i - B u  +  P h C ' -  i - B u - S - C H a - C — C -P h  (4?)
I I -  I I
CHa CHa M e CHa
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Ph Ph
2 PhC-CHa-S-l-Bu -* C H 3-O ---------- C -C H 3  ( 4 8 )
A ' 'Hg CHg CHa
S-i-Bu 6-i-Bu
P h C -G H a “ S-^ **B u +  ^ - B u S *  P h(j-C H a""S -jL -B u  +  l^ B u S H  ( 4 9 )  
CHg CH a
VII
S u lf id e  V II would su b seq u en tly  r e a c t  in  th e  same fa sh io n  as is o p ro -  
peny l benzene and would le ad  to  even h ig h e r  m o lecu la r w eigh t s u l f id e s .
Work by W alling  and N a to l i ,  m entioned in  re fe re n c e  1 0 , on th e  
U.V. promoted r e a c t io n  o f  0 .2 6  M s o lu tio n s  o f n -b u ty l  d i s u l f i d e  in  
s e v e ra l  hydrocarbons re v e a le d  th e  fo llo w in g  th i o l  y ie ld s  (presum ably 
a t  th e  " s te a d y  s t a t e " ) ;  cumene, 29^ ;  e th y lb e n z e n e , I 9# ; to lu e n e ,
4 . 5^ ;  2 ,2 ,4 - tr im e th y lp e n ta n e , 2 .5 # ; and cyclohexane, very  sm a ll. 
W alling r e p o r ts  in  th e  same paper^° th e  r e s u l t s  o f  is o b u ty l  d i s u l ­
f id e  p h o to ly s is  (2557^  l i g h t )  in  a  s e r ie s  o f  fu n c t io n a l  d e r iv a t iv e s  
and a rom atic  hydrocarbons c o n ta in in g  r e l a t i v e l y  l a b i l e  hydrogen 
atom s. For th e  compounds l i s t e d  th a t  a re  l i k e ly  to  p o ssess  s im ila r  
t r i p l e t  e x c i ta t io n  e n e rg ie s ,  " s te a d y  s t a t e "  t h i o l  y ie ld s  a re  in  th e  
o rd e r diphenylm ethane ( 25#) < cumene (54-55#) < t e t r a l i n  (59#) ^  
p-cymene ( 4 l# ) .  No a ttem p t was made by th e  a u th o rs  to  d isc u ss  
th e se  d a ta .*
E.G. Kooyman and h is  s tu d e n ts  have d e sc r ib e d  a number o f  
methods to  g en e ra te  t h i y l  r a d ic a l s ,  such as p h o to ly s is  o f  aroma­
t i c  d is u lf id e s ^ id  and therm al hom olysis o f  a re n e d ia z o th io la te s^ ^ b
* There i s  only  q u a l i t a t iv e  agreem ent betw een th e se  y ie ld s
and our r e l a t i v e  r a t e  c o n s ta n ts  ( s e e  page I I 6 ) .
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(Ar-N=»N-SR o r  Ar-N“N-SAr) and th io n i tr i te s ^ ^ ®  (RSNO). Kooyman and 
Schaafsma g en era ted  b e n z e n e th iy l and m e s l ty le n e th iy i  r a d ic a l s  by 
p h o to ly s is  o f  th e  co rresp o n d in g  d i s u l f i d e s . F lu o re s c e n t l i g h t ­
in g  tubes  w ith  th e  e f f e c t iv e  U.V. l i g h t  i n t e n s i t y  m ain ly  a t  about 
5660X (7 8 .4  k c a l /E in s te in ) ,  were em ployed. I t  was observed  th a t  
t h i o l  fo rm atio n  took p la c e  upon i r r a d i a t i o n  o f  s o lu tio n s  o f  d ipheny l 
d i s u l f id e  i n  h y d ro g en -free  s o lv e n ts  (CCI4 , CgClg); l ig h t- in d u c e d  r e ­
arrangem ent o f  th e  d i s u l f id e  was advanced as an e x p la n a tio n  (eq  gO ). 
T h is  c o m p lica tio n  cou ld  be e lim in a te d  by b lo c k in g  w ith  m ethy l groups
PhS-SPh [PhS-N^  > P h S -^ (^ ^ -S H  ( 50)
a l l  o r th o  and p ara  p o s it io n s  in  PhgSa; t h a t  i s ,  i r r a d i a t i o n  o f  d i -  
m e s ity l d i s u l f i d e  in  h y d ro g en -free  so lv e n ts  does no t y ie ld  t h i o l .
C onsequently , th e  e x te n t  o f  hydrogen a b s t r a c t io n  from d i f f e r e n t  
hydrogen donors by m e s l ty le n e th iy i  r a d ic a l  can be e s tim a te d  from th e  
p e rc e n t co n v ers io n  o f  d i s u l f i d e  in to  t h i o l  ( v ia  eqs 10 -1 2 , page 6 ) 
under s ta n d a rd iz e d  c o n d itio n s .  T able 1 ,  tak en  from Schaafsm a's 
t h e s i s ,  d is p la y s  th e  r e s u l t s  o b ta in e d ; to  our know ledge, th e se  d a ta  
have no t y e t  been p u b lish e d . A lthough 9 ,1 0 -d ih y d ro an th rac en e  was no t 
in c lu d ed  in  th e  ta b u la t io n ,  i t  proved to  be th e  m ost r e a c t iv e  o f  th e  
hydrogen donors s tu d ie d  by Schaafsm a; depending on th e  r a t i o  o f  
d im e s ity l d i s u l f id e  (MS-SM) to  9 ,1 0 -d ih y d ro a n th ra c e n e , one o r  two 
hydrogen atoms may be a b s tra c te d  from th e  l a t t e r  to  y ie ld  9 ,9 ' , 1 0 , 
lo '- t e t r a h y d r o b ia n th r y l  (VXIl) o r a n th ra c e n e , r e s p e c t iv e ly














T ab le  1 . Hydrogen a b s t r a c t io n  by d im e s ity l  d is u lp h id e  (MS-SM) from  hydrogen donors i n  
s o lu t io n  (50  m l) ; n it ro g e n  a tm .; 25°C; s ta n d a rd iz e d  i r r a d i a t i o n  w ith  f lu o re s c e n t l i g h t in g  
tu b e s .
MS-SM,
mmoles





to  t h i o l
9 3 1 , 2-d ipheny l e thane 5 to lu e n e 67 (1 )
3 5 1 ,1 -d ip h en y le th an e 6 to lu e n e 67 2CD 3 2 , 4 , 6 - t r i -  te r t - b u ty lp h e n o l 3 to lu e n e 67 2
"n 2 2 ,6 -d i - te r t - b u ty l - h - m e th y l - h pen tane 67 16c
3. phenol3"CD 2 f lu o re n e 4 to lu e n e 66 5.5
1 9 -c h lo ro f lu o re n e 2 pentane 66 11
"O 2 9-m ethoxyfluorene k to lu e n e 66 39
OQ. ^  2 9 -m ethoxyfluorene k to lu e n e ;  i n  th e 66 37C
Q. p resen ce  o f
5' 1  nmole an th racen e3
"O 6 .6 9 ,9 ', 1 0 ,1 0 ' - te tra h y d ro - 0 .6 6 carbon  t e t r a c h lo ­ 7 1 h ^
o 9 ,9 '" b ia n th r y l r id e
3 b en zy l a lc o h o l 5 0 0 no so lv e n t added 17 3 . 3 ^
1—HCD 3 b en zy l a lc o h o l 5 0 0 d i t t o ,  b u t i n  th e 17 ( 0 . 7 )O. d ark  a t  100°C
1—H 20 ben zy l a lc o h o l 10 a c e to n e ; i n  th e h n i l
oc dark  a t  $6°C
"O 20 benzy l a lc o h o l 10 a c e to n e ; HP m ercury h 3 . 7CD
1
lamp; $ ^ C
C/)C/)
o'3 ® C onversion to  t h i o l  w ith  r e s p e c t  to  hydrogen donor : 80 m oles/loo m oles donor.
Benzaldehyde was I s o la te d  from  th e  r e a c t io n  p ro d u c t as  2,^-DNPH.
18
(eqs 51 to  A nthracene could  be o b ta in e d  by f u r th e r  dehydro-
MS-SM - ^ >  2MS" (51 )
MS' + > MSH + (52 )
MS' + > MSH + (55 )
> V III (5k)
g e n a tio n  o f  9 ,9 ^ ,1 0 ,1 0 '- te t r a h y d r o b ia n th r y l ;  r e a c t io n  55 was pos­







( 5 5 )
t lo n  by t h i y l  r a d ic a ls  was a lre a d y  f u l l y  a p p re c ia te d , th e  above 
r e s u l t s  were g iv en  as  p ro o f o f  p h o to ly t lc  d is s o c ia t io n  o f  th e  d i ­
s u l f id e  In to  t h i y l  r a d i c a l s .  I t  must be added th a t  su lfu r-h y d ro g en  
bond p h o to ly s is  was ru le d  o u t In  t h i s  system  on th e n b a s ls  o f  th e
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w avelength  o f  th e  l i g h t  em ployed.
L a te r  work on th i s  problem  by th e  same group has been sum­
m arized  by K ellogg
"For th e  _ t-b u ty lth ly l r a d ic a l  g en e ra ted  from decom position  
o f  MS-N=N-S-Bu** (t_ -bu ty l m e s i ty le n e d ia z o th io la te )  th e  r e a c t i v i t i e s  
o f  v a rio u s  hydrogen donors were e s tim a te d  to  b e : d e c a l in  < d i ­
phenylm ethane, trlp h en y lm eth an e  < t e t r a l i n  < 9 ,1 0 -d lh y d ro a n th ra -  
cen e . Â more a c c u ra te  s tu d y  was made by th e  same I n v e s t ig a to r s  
u s in g  t r lp h e n y lm e th y lth ly l  r a d ic a l s  d e r iv e d  from th e rm al decom­
p o s i t io n  o f  tr lp h e n y lm e th y ln itro so  s u l f id e  (eq  5 6 ). The r e l a t i v e
PhaCSNO -  PhaCS. + NO (56)
r a te s  o f  hydrogen a b s t r a c t io n  from to lu e n e , e th y lb e n z e n e , t e t r a ­
l i n ,  d iphenylm ethane, and 9 ,1 0 -d lh y d ro a n th ra c e n e  were d e te rm in ed , 
and th e  t r lp h e n y lm e th y lth ly l  r a d ic a l  was found to  be more r e ­
a c t iv e  th a n  th e  tr ic h lo ro m e th y l r a d ic a l  b u t le s s  r e a c t iv e  than  
th e  jt-bu toxy  r a d ic a l  o r  c h lo r in e  atom ."
U n fo r tu n a te ly , K ellogg does n o t quo te  any r e l a t i v e  r a t e  v a lu es  
and , s in c e  none a re  re p o r te d  In  th e  jo u rn a l  re fe re n c e s  p ro v id ed , 
one must assume th a t  th ey  a re  to  be found In  H. van Z w et's  t h e s i s ,  
which was no t a v a i la b le  to  u s . ^  The same r e s e rv a t io n s  ho ld  fo r  
th e  s ta tem en t comparing r a d ic a l  r e a c t i v i t i e s ;  th e se  com parisons 
a re  not even a llu d e d  to  In  Kooyman's p u b l ic a t io n s .  F u rtherm ore , 
in  re fe re n c e  U b ,  devoted to  th e  the rm al decom position  o f  a re n e d i-  
a z o th io la te s ,  eq ^7 » o n ly  d a ta  on hydrogen a b s t r a c t io n  from
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ArN»N-SR Ar* +  Ng +  RS« ( 57)
t e t r a l i n  and 9 ,1 0 -d ih y d ro an th rac en e  a r e  r e p o r te d .  On th e  o th e r  
hand , van Zwet and Kooyman s ta te ^ ^ c  th a t  " r e l a t i v e  r e a c t i v i t i e s ,  
a s  measured sem i- q u a n t i t a t iv e lv  i n  term s o f  t h i o l  y ie ld s  from a 
g iv en  amount o f  t h i o n i t r i t e  under s ta n d a rd  c o n d itio n s  a re  i n  th e  
ex pec ted  o rd e r :  to lu e n e  < e th y lb en zen e  < t e t r a l i n  <  d ih y d ro -
a n th ra c e n e " ; in  s h o r t ,  th e  a u th o rs  them selves r e fu s e  to  co n fe r 
q u a n t i t a t iv e  s ta tu s  upon t h e i r  work.
I t  m ust be p o in ted  o u t th a t  b o th  t h i o n i t r i t e s  and a re n e d ia z o -  
t h i o l a t e s  g e n e ra te  o th e r  r a d ic a ls  s im u ltan e o u sly  w ith  th e  t h i y l  
r a d ic a l  and th i s  makes i t  d i f f i c u l t  to  s tu d y  th e  r e a c t io n s  o f  th e  
l a t t e r .  The r e a c t iv e  a r y l  r a d ic a l s  a r i s i n g  from a re n e d ia z o th i-  
o la te s  cdd to  th e  r in g  o f  a ro m a tic  s u b s t r a te s  to  y ie ld  s u b s t i tu te d  
cy c lo h ex ad ien y l r a d ic a ls  ( i x ) ,  which a r e  e x c e l le n t  hydrogen d ono rs . 
T hus, a 15^ y ie ld  o f t h i o l ,  formed v ia  r e a c t io n s  58 and 59»
Ar
Ar* +  CgHsR ( 58)
IX
IX +  RS- ArCgHiR +  RSH (59)
i s  o b ta in ed  when ( CHg) CgH*N=NSC8H&-2 - 1-Bu i s  decomposed in
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ch lo robenzene a t  71°C. T h io n i t r i te s »  on th e  o th e r  hand» g e n e ra te  
n i t r i c  oxide^iG  (n o ) ,  a param agnetic  sp e c ie s  which has r a d lv a l  scav ­
enging  p r o c l iv i t ie s ^ *  th a t  m ight In tro d u c e  co m p lic a tio n s .
In  summary» W alling  and Rablnow ltz» u s in g  p h o to ly s is  o f  
t h i o l s  In  hydrogen donors» were u n ab le  to  use  t h i o l  y ie ld s  as a 
q u a n t i ta t iv e  m easure o f  th e  e x te n t  o f  hydrogen a b s t r a c t io n  by t h i y l  
r a d ic a ls  owing to  com peting p h o to -d e s tru c tlo n  o f  t h i o l .  Kooyman 
e t  a l . developed two types  o f  I n i t i a t o r s  th a t  g en e ra ted  t h i y l  
r a d ic a l s ;  however» o th e r  I n te r f e r in g  r a d ic a l  sp e c ie s  a ls o  were 
o r ig in a te d .  Kooyman used p h o to ly s is  o f  d im e s ity l d i s u l f id e  as a  
c le a n  sou rce  o f  t h i y l  r a d i c a l s ,  b u t d e te rm in a tio n  o f  t h i o l  y ie ld s  
under s ta n d a rd iz e d  c o n d itio n s  In  th e  p resen ce  o f  hydrogen donors 
cannot p ro v id e  q u a n t i ta t iv e  d a ta  because  o f  th e  r e v e r s i b i l i t y  
o f  hydrogen a b s t r a c t io n .
C. QUANTITATIVE WORK ON TRIHALOMETHANETHIYL RADICALS
Only s u b s t i tu te d  t h i y l  r a d ic a l s  have been su b je c te d  to  quan­
t i t a t i v e  s tu d y . Exposure o f  tr lc h lo ro m e th a n e s u lfe n y l c h lo r id e  
(TMSC) to  s u n l ig h t  In  ex cess  a lk an e  o r  cy c lo a lk a n e  a t  0°C le a d s  
to  f a s t  m o n o ch lo rln a tlo n ^ j (eq  6o). Y ie ld s  a re  n e a r ly  q u a n t i ta t iv e
2CI3CSCI + RH RCl + ClaCSSCCla + HCl (60)
and s im i la r  r e s u l t s  were o b ta in ed  In  th e  case  o f  d lc h lo ro f lu o ro -  
m e th an esu lfen y l c h lo r id e  by H. K lo o s t e r z l e l ^  (I9 6 I-6 5 ) . He p ro ­
posed th e  fo llo w in g  r e a c t io n  mechanism:
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ClaCSCl - ^ >  ClaCS* + Cl« i n i t i a t i o n  (61)
ClaCS* + RH GI3CSH + R* p ro p ag a tio n  ( 62)
R* +  CI3SCI >  RCl + ClaCS* p ro p ag a tio n  ( 63)
ClaCSH + CI3CSCI ------ > CI3CSSCCI3 +  HCl ( 6lf)
The r a d ic a l  c h a ra c te r  o f  th e  p ro cess  was dem onstrated  by th e  ob­
s e rv a tio n  th a t  sm all amounts o f  o l e f i n s ,  which a re  good t h i y l  
r a d ic a l  sc a v e n g e rs , slow down th e  r e a c t io n  m arked ly . At 0°C , th e  
r e l a t i v e  r e a c t i v i t i e s  o f  t e r t i a r y  : secondary  ; p rim ary  hydrogens 
in  s a tu r a te d  hydrocarbons were found to  be 4 .1 0 :1 .0 :0 .03k . S ince 
th e  co rresp o n d in g  v a lues  a re  1 . 36 :1 .0 :0 .2 2  fo r  p h o to c h lo r in a t io n  
o f  th e  same s u b s t r a te s  under s im i la r  c o n d i tio n s ,  hydrogen a b s t r a c ­
t i o n  o f  c h lo r in e  atoms in  TMSC c h lo r in a t io n s  was ru le d  o u t .  Com- 
p lexed  c h lo r in e  atoms m ight show a la rg e  s e l e c t i v i t y  in  hydrogen 
a b s t r a c t io n s ,  so p o s s ib le  com plexation  by hexach lo ro d im eth y l d i ­
s u l f id e  o r  th e  s u lfe n y l  h a l id e  i t s e l f  was in v e s t ig a te d .  When 
c h lo r in e  was added to  a  s o lu t io n  o f  th e  d i s u l f i d e  i n  2 , 3 -d im e th y l-  
b u tane  and th e  sample was i r r a d i a t e d ,  th e  p roduct d i s t r i b u t i o n  was 
found to  be i d e n t i c a l  w ith  t h a t  o b ta in ed  in  th e  absence o f  d i ­
s u l f id e .  The a u th o rs  conclude th a t  th e  d i s u l f id e  does n o t lead  
to  In c rea sed  s e l e c t i v i t y  th rough  com plexation  o f  c h lo r in e  atom s. 
Com plexation by TMSC i t s e l f  was ru le d  o u t by c h lo r in a t in g  2 ,3 -  
d im ethy lbu tane w ith  an equim olar m ix tu re  o f  m o lecu la r c h lo r in e  
and TMSC. I f  th e  r e a c t io n  i s  in te r ru p te d  a t  th e  p o in t where i t
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slow s down n o tic e a b ly , i t  I s  found th a t  m ost o f  th e  TMSC i s  s t i l l  
p r e s e n t ,  w hereas th e  c h lo r in e  has  re a c te d  to  y ie ld  a p ro d u c t d i s ­
t r i b u t i o n  (p rim ary  v s .  t e r t i a r y  a lk y l  c h lo r id e )  ty p ic a l  o f  th e  
uncomplexed c h lo r in e  atom.
The k in e t ic  Iso to p e  e f f e c t  fo r  hydrogen a b s t r a c t io n  from p e r -  
deu terocyclohexane  compared to  th a t  from cyclohexane, kH /kg, was 
found to  be I .9  a t  0°C; t h i s  r e s u l t  may be compared w ith  a  v a lu e  o f  
I . 42G fo r  uncomplexed c h lo r in e  atoms a t  80°C. A d d itio n  o f  ben­
zene In c rea sed  th e  s e l e c t i v i t y  o f  TMSC c h lo r in a t io n s ,  and th e  In ­
c re a se  I s  l i n e a r ly  r e la te d  to  th e  r e c ip r o c a l  o f  benzene concen­
t r a t i o n .  T h is  r e la t io n s h ip  was shown to  be c o n s is te n t  w ith  f a s t ,  
r e v e r s ib le  com plexation  between t h i y l  r a d ic a l s  (X«) and benzene 
m olecu les ( b ) ;  eq 63 . The m ethylene groups o f  d i f f e r e n t  a lk an es
B + X* ïi BX" ( 65)
and cy c lo a lk a n es  d id  n o t show th e  same r e a c t i v i t y ,  which was a t ­
t r ib u te d  to  th e  o p e ra tio n  o f  p o la r  e f f e c t s .  F u r th e r  work^k on 
TMSC p h o to c h lo r ln a tlo n s  o f  a lk y l  c h lo r id e s  a ls o  a t t e s t e d  to  th e  
Im portance o f  p o la r  f a c to r s  ; a  c h lo r in e  s u b s t i tu e n t  was re p o r te d  
to  reduce th e  r e a c t iv i t y  o f  a  v ic in a l  carbon-hydrogen bond by a 
f a c to r  o f  4 5 .
J .F .  H a rr is  has au th o red  a  number o f  p u b lic a t io n s  devoted  to  
f r e e  r a d ic a l  r e a c t io n s  o f  f lu o ro a lk a n e s u lfe n y l h a l id e s .  I n  I 966 , 
H a r r is  d e s c r ib e d ^  th e  U .V .- I n i t ia te d  r e a c t io n  o f  tr l f lu o ro m e th a n e -  
s u lf e n y l  c h lo r id e  w ith  s a tu ra te d  hydrocarbons and to lu e n e . The
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r e s u l t s  f o r  cyclohexane, which a re  r e p r e s e n ta t iv e ,  can be sum­
m arized  by e q u a tio n  66 :
CF3SCI +  CgHls (e x c e ss )  ■> CPgSCgHll +
k5i> ( 66)
CeHiiCl +  CF3SSOT3 + HCl
28^ 555È
The v ery  s h o r t  I r r a d ia t io n  p e r io d  n ecessa ry  to  e f f e c t  t o t a l  d i s ­
appearance o f  s u lfe n y l  h a l id e ,  and th e  f a c t  th a t  th e  r e a c t io n  
could  be I n i t i a t e d  by 0 .2 2  mol ‘jh o f  AIBN p o in t to  th e  r a d lc a l -  
ch a ln  n a tu re  o f  t h i s  p ro c e s s . The mechanism was g iv en  a s :
CF3SCI CF3S* + C l- ( 67)
C l- +  RH ------ > HCl +  R- (68 )
R- + CP3SCI ------ >  RCl +  CP3S- ( 0 )
R- + CF3SCI ------ >  RSCF3 + C l- (70 )
CF3S- + R-H  > CF3SH + R- (7 1 )
Net r e a c t io n  72 was Included  In  th e  .scheme to o :
CF3SH + CF3SCI  >  CF3SSCF3 +  HCl (7 2 )
Both C l- and CF3S- were though t to  a b s t r a c t  hydrogen from th e  
s u b s t r a te s  fo r  two re a so n s :
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(a )  The c h lo r in e  atoms produced by th e  ch a in  t r a n s f e r  
r e a c t io n  TO a re  i n s u f f i c i e n t  to  accoun t fo r
th e  k in e t ic  ch a in  le n g th s  o b serv ed .
(b ) The p roduct d i s t r i b u t io n s  le d  to  hydrogen- 
a b s t r a c t in g  s e l e c t i v i t i e s  s u b s t a n t i a l l y  h ig h e r 
th a n  th o se  p re v io u s ly  found in  p h o to c h lo r in a t io n .
D esp ite  th e se  argum ents, H a rr is  c o n s id e rs  hydrogen a b s t r a c t io n  by 
CFqS* d e b a ta b le , m ain ly  on th e  b a s is  o f  therm ochem ical c o n s id e ra ­
t io n s  ( le a d in g  to  u n fav o rab le  r e a c t io n  e n th a lp ie s ) ,  and he o f f e r s  an  
Sg2 p ro cess  (eq  T )) a s  an  a l t e r n a t iv e  to  eq J l .
CFsS* +  GF3SCI CF3SSCF3 + C l. (7 5 )
H a rr is  does n o t a ttem p t to  e x p la in  why p h o to c h lo r in a tio n  
and c h lo r in a t io n  in  h is  system  (w ith  eq 7I  ru le d  o u t ) , b o th  in v o lv in g  
hydrogen a b s t r a c t io n  by (uncomplexed) c h lo r in e  atoms e x c lu s iv e ly ,  
shou ld  d i f f e r  in  s e l e c t i v i t y .  A c lo s e r  c o n s id e ra t io n  o f  th e  
e n e rg e tic s  o f  hydrogen a b s t r a c t io n  by t h i y l  r a d ic a ls  i s  in  o rd e r .
I f  th e  bond d is s o c ia t io n  e n e rg ie s  f o r  CF3S-H and CH3S-H (88  k c a l /  
m o le ^ )  a re  th e  s a m e ,^  hydrogen a b s t r a c t io n  o f  a secondary  hydro­
gen (eq  74) would be endotherm ie by 6 k c a l/m o l. A ccording to
CgHis + CF3S* -* CqHii* + CF3SH AH = +6 k ca l/m o l (74)
S.W. B e n s o n ,b im o l e c u la r  ch a in -p ro p ag a tin g  s te p s  m ust have a c t i ­
v a t io n  e n e rg ie s  le s s  th a n  o r  eq u a l to  5*5 w herein  0 = 2.305  KC.
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T h is  r e s t r i c t i o n  r e s u l t s  from th e  req u irem en t t h a t  th e  r a t e  o f  th e  
ch a in  c y c le  be 10 -  to  100 - f o ld  f a s t e r  th a n  th e  r a t e  o f  i n i t i a t i o n .  
A t 80°C, th e  r e a c t io n  tem p era tu re  in  H a r r is ' w ork, 6 "  1 .6  k c a l /  
mol and Eg <  8 .9  k c a l/m o l. T h e re fo re , in  view o f  th e  low i n t r i n s i c  
a c t iv a t io n  e n e rg ie s  c h a r a c t e r i s t i c  o f  such r e a c t io n s  ( th e  i n t r i n s i c  
a c t iv a t io n  energy  o f  a  r e a c t io n  may be d e fin e d  as  th e  a c t iv a t io n  
energy  in  th e  exo therm ic d i r e c t i o n ) , a b s t r a c t i o n  o f  secondary  
a l ip h a t i c  hydrogens by tr i f lu o ro m e th a n e th iy l  r a d ic a l s  i s  a  f e a s ib le  
p ro p ag a tio n  s te p .
T here i s  a n o th e r a s p e c t o f  K lo o s te r z ie l  and H a r r i s ' work on 
s u lf e n y l  h a l id e s  th a t  d e se rv es  comment. I f  we a c c e p t th e  prem ise 
th a t  t h i y l  r a d ic a l s  a re  p la y in g  a  r o le  in  hydrogen a b s t r a c t io n ,  
th e  t h i o l  m olecu les th e re b y  formed would undergo a  f a s t  r e a c t io n  
w ith  th e  s u lf e n y l  h a l id e ,  and th e  t h i o l  c o n c e n tra tio n  shou ld  r e ­
main low. However, o n ly  v e ry  sm all s te a d y - s ta te  c o n c e n tra tio n s  
o f  t h i o l  would be n ecessa ry  to  e f f e c t  a s u b s t a n t i a l  r e v e r s a l  (eq  
T$) o f  th e  a b s t r a c t io n  s t e p .  The e f f e c t  o f  t h i s  c y c le  would be
R* +  RSH -* RH +  RS* (75)
to  le a d  to  ap p a re n t s e l e c t i v i t i e s  t h a t  a r e  s p u r io u s ly  h ig h . T h io l 
r e v e r s a l  would in c re a s e  ap p a re n t s e l e c t i v i t i e s  because th e  r a t e  
c o n s ta n ts  f o r  hydrogen t r a n s f e r  o f  a lk y l  r a d ic a l  w ith  t h i o l  d e­
c re a se  in  th e  o rd e r  prim ary > secondary  > t e r t i a r y .  For a more 
com plete d is c u s s io n  o f  th e  co m p lica tio n s  in tro d u c e d  in  q u a n t i ta ­
t i v e  s tu d ie s  by r e v e r s a l  o f  th e  hydrogen a b s t r a c t io n  s te p ,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
27
re fe re n c e  )2  shou ld  be c o n s u lte d .
The fo llo w in g  s e c t io n  c o n s id e rs  in  g r e a te r  d e t a i l  hydrogen 
t r a n s f e r  from th i o l s  to  r a d ic a l s ;  th a t  i s ,  i t  d e a ls  w ith  f u r th e r  
a s p e c ts  o f  th e  r e v e r s a l  o f  th e  a b s t r a c t io n  s te p  (eq  7$ ) .
D. THIOLS AS HYDROGEN DONORS
E qu atio n  7 5 , as we d isc u sse d  on page 2 , r e p re s e n ts  th e  ch a in  
t r a n s f e r  o f  m a c ro ra d ic a ls  w ith  m erc ap tan s , and one o f  th e  ch a in  p ro ­
p a g a tin g  s te p s  i n  th e  an ti-M arkovnikov  a d d i t io n  o f  t h i o l s  to  o le ­
f i n s .  The a b i l i t y  o f  t h i o l s  to  t r a n s f e r  a  hydrogen atom in  th e se  
ca se s  i s  w e ll reco g n ized ; th e r e f o r e ,  I  w i l l  l i m i t  t h i s  rev iew  to  
th e  l i t e r a t u r e  d e a lin g  w ith  two o th e r  p ro c e sse s  in v o lv in g  equa­
t i o n  7 5 : th e  e f f i c i e n t  scaveng ing  o f  r a d ic a l s  by t h i o l s ,  and th e
g e n e ra tio n  o f  t h i y l  r a d ic a l s  v ia  hom olysis o f  i n i t i a t o r s  in  th e  
p resen ce  o f  t h i o l s .
1 .  Homolvsis o f  A z o n i t r i le  I n i t i a t o r s  in  th e  P resen ce  o f  T h io ls  
T herm olysis o r  p h o to ly s is  o f  a z o n i t r i l e s  g e n e ra te s  ca rb o n - 
c e n te re d  r a d ic a l s  (eq  j 6) which a b s t r a c t  hydrogen from th i o l s  (eq  
TT) to  y ie ld  t h i y l  r a d i c a l s .  The more commonly used a z o n i t r i l e  
i n i t i a t o r  i s  AIBN (X ),
ÇN CN CN
-CCHî
CH3 ^H s CHg
CHgC-W-N s 2CH3&. +  Na ( j 6)
CN CN
CHgA* +  RSH ------------- >  CH3CH + R S . (77)
CHg CHg
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K elloggSh c h a ra c te r iz e s  t h i s  so u rce  o f  t h i y l  r a d ic a l s  a s  " s im p le , 
e f f e c t i v e ,  and w idely  used in  i n i t i a t i n g  an ti-M arkovnikov  a d d i­
t io n s  o f  t h i o l s  o f  o l e f i n s . "  F.W. S tacey  and J .F .  H a r r is ,  J r . ,  
i n  rev iew ing  th e  fo rm atio n  o f  c a rb o n -s u lfu r  bonds by r a d ic a l  a d d i­
t i o n s ,  found th a t  a z o n i t r i l e  i n i t i a t o r s  had been e x te n s iv e ly  
employed.®®
M. Onyszchuk and C. Sivertz®® u t i l i z e d  p h o to s e n s it iz e d  de­
com position  o f  AIBN ( 3.15  X  10 "® M) a t  )0°C  to  i n i t i a t e  th e  a d d i­
t io n  o f  n -b u ty l t h i o l  (0 .8  -  4 .8  M) to  1 -p en te n e  (0 .8  -  4 .8  M) in
CgHg (eqs 7 8 -8I ) .  They cou ld  accoun t f o r  th e  observed  r a t e  laws
" c S r ^  (78)
A* + n-BuSH ----------> AH +  n-BuS* (7 9 )
n-BuS« + CHa^CH-n-Pr — — —>  ^-BuS-CHg-CH-n-Pr ( 80 )
ji-BuS-CHg-CH-n-Pr * + n-BuSH — n-BuS-CHgCHg-jo-Pr +  n-BuS* (81)
by assum ing th a t  A* r a d ic a l s  have n e g l ig ib le  c o n c e n tra tio n s  com­
pared  to  a l l  o th e rs  and th a t  th ey  d isa p p e a r  by t r a n s f e r  w ith  m er­
c a p ta n .
R.D. Burkhart®* was a b le  to  m easure te rm in a tio n  r a t e  con­
s ta n t s  (k%) in  a number o f  sy stem s, one o f  which®*^ can be d e­
s c r ib e d  by th e  fo llo w in g  r e a c t io n s :
AIBN ■ > [2A* + Na] ( 82 )
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A" + n-CsHixSH -  AH + n-C sH iiS ' (85)
n-C sH xiS* +  (CaH sO )3P -t n-C gH xi* +  (CgH5 0 ) 3 PS (S lf)
k t
2n-CsHix* — > n o n - ra d ic a l  p ro d u c ts  (85 )
He f in d s  th a t  A* r a d ic a l s  recom bine in  f r e e  s o lu t io n  o n ly  i f  
[AIBN] >  5 X 10 ® M in  th e  p resen ce  o f  2 x lO"® -  4 x 1 0 M t h i o l . *  
An e a r ly  s tu d y  by B ru in , B ic k e l, and Kooyman has shown th a t  
the rm al decom position  o f  0 .6 6  M AIBN i n  th e  p re sen ce  o f  a number 
o f  t h i o l s  (1 :2  mol r a t i o  o f  AIBN to  t h i o l  i n  to lu e n e  a t  80°C) 
le a d s  m ain ly  to  d i s u l f id e  and is o b u ty ro n itr ile ;® ®  th e  h ig h e s t  
y ie ld s  o f  th e se  p ro d u c ts  a r e  o b ta in e d  w ith  th io p h e n o l. "The 
la rg e  amount o f  i s o b u ty r o n i t r l l e  formed in  th e  p resen ce  o f  t h i o l s  
a s  compared w ith  th a t  o b ta in e d  in  an experim en t w ith o u t t h i o l  
($ # ) ,  su g g e s ts  th a t  t h i s  n i t r i l e  i s  formed by dehydrogena tion  o f  
th e  t h i o l  by th e  2 -cy an o -2 -p ro p y l r a d ic a ls "  (eq  87 ) .  The f o l ­
low ing r e a c t io n s  were b e lie v e d  to  ta k e  p la c e ,  where A* s ta n d s  fo r  
th e  2 -cy an o -2 -p ro p y l r a d i c a l ,  AH fo r  i s o b u ty r o n i t r l l e ,  and Ag fo r  
te t r a m e th y ls u c c ln o d in i t r l le :
AIBN -----> 2A- +  Na ( 86 )
A" +  RSH -----> AH +  RS* (87)
2RS* ----->  RSSR ( 88)
2A*  > Aa ( 89)
A lthough we used h ig h e r  AIBN c o n c e n tra t io n s ,  we w i l l  show 
l a t e r  th a t  A* r a d ic a l s  do n o t recom bine in  f r e e  s o lu t io n  in  ou r 
system  e i t h e r .
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RS. + A .  ----->  RSA (X I) (90)
Of g re a t  I n t e r e s t  to  us i s  th e  o b se rv a tio n  t h a t ,  even a t  such a 
la rg e  r a t i o  o f  a z o n i t r i l e  to  t h i o l ,  y ie ld s  o f  mixed s u l f id e  (X l) 
do no t exceed 18^ . These low y ie ld s  su g g es t th a t  d im e r lz a tio n  o f  
t h i y l  r a d ic a l s  i s  th e  main te rm in a tio n  pathw ay, and i t  i s  p o s s ib le  
to  c a lc u la te  from th e  d a ta  th a t  BO-107^  o f  th e  v a r io u s  t h i y l  r a d i ­
c a ls  g en e ra ted  in  th e se  system s undergo d im e r lz a tio n  (eq  8 8 ) .
F or th e  a l ip h a t i c  t h i o l s  s tu d ie d ,  i t  was p o s s ib le  to  account 
fo r  o n ly  76 -92# o f  th e  A» r a d i c a l s ;  i n  th e  ca se  o f  b e n z e n e th io l,  60# 
o f  th e  2 -cy an o -2-p ro p y l r a d ic a l s  undergo hydrogen t r a n s f e r  w ith  
t h i o l  (eq  87 ) ,  $0# d im e riz e , and 8#  r e a c t  by com bination  w ith  RS.
(eq  90 ) .  From th e  y ie ld s  o f  i s o b u ty r o n i t r l l e  (AH) and te tra m e th y l-  
s u c c in o d in i t r i l e  (A g), th e  r e a c t i v i t y  o f  a  t h i o l  tow ards A* was 
found to  d e c re a se  in  th e  s e r i e s  b e n z e n e th io l > p rim ary  > secondary  > 
t e r t i a r y  t h i o l s .  I n  a  t h i o l - f r e e  c o n tro l  ru n , 81# Ag was found.
G .S . Hammond e t  a l .^ ^  showed a t  a  l a t e r  tim e th a t  in c re a s in g  th e  
t h i o l  c o n c e n tra tio n  in  th e  system  le a d s  to  a  marked d e c re a se  in  
te t r a m e th y ls u c c ln o d in i t r l le  (Ag) y ie ld s ,  u n t i l  th e  y ie ld  le v e ls  o f f  
a t  about 20#. The le v e l in g  o f f  i s  observed  to  co rrespond  to  a  t h i o l  
c o n c e n tra tio n  o f  0 .2  mol 1  ^ ( i n  our work, 7*7 M t h i o l  was u se d ) .
a .  Cage e f f e c t . The i n a b i l i t y  o f  th e  t h i o l  (when p re s e n t in  
h ig h  c o n c e n tra tio n )  to  in t e r c e p t  a l l  th e  A» r a d ic a l s  which form in  
th e  system  has  been a t t r ib u t e d  to  t h e i r  b i r t h  w ith in  a s o lv e n t 
" c ag e" , where an a p p re c ia b le  f r a c t io n  o f  th e  A* r a d ic a l s  recom bine 
b e fo re  th ey  can d i f f u s e  a p a r t .  The cage e f f e c t ^  has been
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e x te n s iv e ly  s tu d ie d  f o r  and i t  can  be s a f e ly  assumed
th a t  m ost k in e t i c a l l y  f r e e  A* r a d ic a ls  a re  tra p p e d  by hydrogen 
t r a n s f e r  from th i o l  in  th e  system s s tu d ie d  by B ru in  and Hamnond. 
T h is  co n c lu sio n  ho ld s  even a f t e r  th e  re fin e m en t o f  th e  scheme 
whereby AIBN undergoes th e r m o ly s i s .^ ^  Upon hom olysis o f  AIBN 
in  carbon  te t r a c h lo r id e  o r  hydrocarbon s o lv e n ts ,  s u b s ta n t i a l  
amounts o f  l , l-d im e th y l-N -(2 -c y a n o -2 -p ro p y l) -k e te n e im in e  (AA^) 
were shown to  form by Hammond and co-w orkera^^^ from A* r a d ic a ls  
r e a c t in g  in  an am bident fa sh io n  (eq  91 ) .
CN
2A« -* CHa-OON-C-CHa ( 9I )
CHa CHa
(AA')
The ke teneim ine fu n c tio n s  a s  a  f r e e  r a d ic a l  i n i t i a t o r  by slow  
r e v e r s a l  o f  r e a c t io n  9I»  In  co n c e n tra te d  s o lu t io n s  o f  1 -b u tan e - 
t h i o l ,  how ever, th e  k e ten e im in e  r e a c ts  r a p id ly  w ith  th e  m ercap tan . 
The p roduct o r  p ro d u c ts  o f  such r e a c t io n  rem ain unknown to  th e  b e s t  
o f  our know ledge. Scheme I  acco u n ts  fo r  a l l  th e  A* r a d ic a ls  formed 
in  s o lu t io n s  c o n ta in in g  s u b s ta n t i a l  c o n c e n tra tio n s  o f  t h i o l s ;  th e  
b ra c k e ts  re p re s e n t  caged r a d ic a l s .
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Scheme I ;  Hemolysis o f  AIBN In  th e  p resen ce  o f  t h i o l s .
Ag
Î ek i
AIBN - ^ >  [Na +  2A*] ■>  gA* - ^ S Î L >  gAH
i Yki
JkA* ■ " > unknown p ro d u c t(s )
T h io ls  d e s tro y  th e  k e teneim ine  (AA*) and c a p tu re  k in e t i c a l l y  f r e e  A* 
r a d ic a l s ,  th e re b y  b lo ck in g  Ag fo rm ation  In  b u lk  s o lu t io n .  T h e re fo re , 
th e  20^ l im i t in g  y ie ld  o f  Ag o b ta in ed  In  th e  p resen ce  o f  In c re a s in g  
t h i o l  c o n c e n tra tio n s  must be due to  A* r a d ic a l s  d lm erlz ln g  In  th e  
cage to  form Ag. I t  fo llo w s th a t  e ,  th e  f r a c t io n  o f  A* r a d ic a ls  
y ie ld in g  Ag In  cage r e a c t io n s ,  eq u a ls  0 .2 .  The same v a lu e  o f  e was 
o b ta in ed  when scavengers o th e r  th an  t h i o l ,  th a t  a re  cap ab le  o f  I n t e r ­
c e p tin g  bo th  A« and AA^, were u sed . F u rtherm ore , th e  f r a c t io n  ( y ) o f 
A* r a d ic a ls  th a t  recom bine In  th e  cage to  form AA' was found^^^ 
to  be 0 . ) 5 .  C onsequently  th e  "cage e f f e c t " ,  o r  f r a c t io n  o f  r a d ­
i c a l s  undergoing  cage reco m b in a tio n . I s  abou t 0 .5 5  fo r  AIBN under 
th e  above c o n d it io n s .
Two Im portan t p o in ts  th a t  emerge from t h i s  d is c u s s io n  must 
be k e p t In  m ind. F i r s t ,  I t  can  s a f e ly  be assumed th a t  a l l  k i ­
n e t i c a l l y  f r e e  A» r a d ic a ls  a r e  trap p ed  by hydrogen t r a n s f e r  from 
t h i o l  In  system s c o n ta in in g  h ig h  t h i o l  c o n c e n tra t io n s .  Second, 
t h i y l  r a d ic a l  d im e r lz a tio n  I s  th e  m ain te rm in a tio n  r e a c t io n  In  
such system s. We w i l l  p re s e n tly  change th e  focus to  t h i o l  scav ­
enging  o f  f r e e  r a d ic a ls  In  g e n e ra l;  th e  e f f ic ie n c y  o f  th e  p ro c e s s .
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r a th e r  th a n  th e  g e n e ra tio n  o f  th e  t h i y l  r a d i c a l s ,  w i l l  be 
em phasized.
2 . Scavenging o f  R ad ica ls  by Hydrogen T ra n s fe r  from T h io l 
U su a lly , f r e e - r a d i c a l  a b s t r a c t io n  r e a c t io n s  a t  th e  S-H bond 
o f t h i o l s  appear to  occu r w ith  n e g l ig ib le  a c t iv a t io n  en e rg y . G. 
G relg  and J .C . J .  T h y n n e^  have p o in ted  o u t t h a t  m e th an e th lo l and 
hydrogen s u l f id e  a re  among th e  m ost r e a c t iv e  known s u b s t r a te s  In  
hydrogen d o n a tio n  to  a lk y l  r a d i c a l s .  The low energy  o f  a c t iv a t io n  
fo r  a b s t r a c t io n  ( 2 .6  -  k ca l/m o le  ) I s  no ted  to  be o n ly  In  p a r t  
a  consequence o f  th e  r e l a t i v e  weakness o f  th e  S-H bond (88  k c a l /  
mole In  CH3S - H ) H y d r o g e n  t r a n s f e r  from th i o l s  to  Qf-phenethyl, 
d lpheny lm ethy l, and a c y l r a d ic a l s  was d isc u sse d  p re v io u s ly  (se e  
pages 6-10). M ercaptans have been used In  a number o f  cases* ° 
to  I n te r c e p t  m onorad icals which undergo ra p id  In tra m o le c u la r  r e ­
a rrangem en ts; and o f te n  th ey  a re  found to  com ple te ly  supp ress  
fo rm atio n  o f  re a rra n g e d  p ro d u c ts  by f a s t  hydrogen t r a n s f e r  to  
r a d i c a l .  Through th e  use  o f  a  m ercap tan , P . J .  Wagner and R .E. 
Zepp"*^ f i r s t  succeeded In  tra p p in g  1 ,4 - b l r a d lc a l s  In  a  t r i p l e t -  
s t a t e  type  I I  p h o to e llm ln a tlo n  p ro c e s s . The r e a c t io n  o f  i n t e r e s t  
I s  d e sc rib e d  by e q u a tio n  9 2 .
H*
PhÇ-CCHgJs-Ç-OCHa + RSH* Ph6 -(CH2 ) 2-C-0CH3 +  RS* (92) 
OH H OH H
In  th e  cou rse  o f  t h e i r  work on th e  th e rm al decom position  o f
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^ -b u ty l  p e r e s te r s  and azo-com pounds, F.D . B a r t l e t t  and h i s  s tu d e n ts  
o f te n  have used th i o l s  as e f f i c i e n t  r a d ic a l  t r a p s .  Q u an ti­
t a t i v e  tra p p in g  (scaveng ing ) o f  alkoxy  and a r a lk y l  r a d ic a l s  has 
been re p o r te d  a t  v a r io u s  tim e s : (a )  I n  th e  th e rm al.d eco m p o sitio n
o f  J t-b u ty l t r ip h e n y l  p e ra c e ta te * ^  in  cumene a t  23° C (eq  93 )» a d d i­
t i o n  o f  0 .5  M Jt-d o d ecan e th io l r a is e d  th e  y ie ld  o f  _ t-bu ty l a lc o h o l 
from k-2 to  9^^ (eqs 94 and 95 ) .  T h is  r e s u l t  p la c e s  th e  cage
PhaCCC-O-O-t-Bu -----   > PhsC* +  COo + -O -t-Bu (93 )'= '1. — cumene ^
t-BuO* + PhC(CHa)2  ------------- > t-BuOH +  PhC(GHa)2  (94)
H
t-BuG* + RSH  > t-BuGH +  RS* (95)
e f f e c t  a t  6^ ,  th a t  i s ,  6^  o f  th e  t^ b u to x y  r a d ic a l s  canno t be 
scavenged because  they  coup le  w ith  tr ip h e n y lm e th y l r a d ic a l s  i n  
th e  so lv e n t cag e , (b ) A gain , cage reco m b in a tio n  in  th e  th e rm al 
decom position  o f  azocumene'^^ a t  kO°C was found to  y ie ld  dlcumene 
even in  th e  p resen ce  o f  3 M th io p h e n o l; i f  i t  i s  assumed th a t  a l l  
non-caged cumyl r a d ic a ls  a re  scavenged by hydrogen t r a n s f e r  from 
t h i o l ,  i t  i s  p o s s ib le  to  reac h  th e  co n c lu s io n  th a t  o f  th e  
"gem inate" cumyl r a d ic a ls  ( th a t  i s ,  th e  " tw in"  r a d ic a l s  d e riv e d  
from th e  same azocumene m olecu le) recom bine b e fo re  d i f f u s io n  
s e p a ra te s  them. T h is  v a lu e  i s  in  e x c e l le n t  agreem ent w ith  o th e r  
independent e s tim a te s  o f  th e  cage e f f e c t  d e riv e d  from use o f
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s ta b le  r a d ic a ls  as scavengers.^®  In  s p i t e  o f  t h i s ,  th e  a u th o rs  do 
no t deem th io p h en o l to  be a com ple te ly  s a t i s f a c to r y  scavenger fo r  
cumyl r a d i c a l s ,  presum ably because no of-m ethylstyrene (from  cage 
d is p ro p o r t io n a tio n )  could  be found in  th e  p resence  o f  th e  t h i o l .
I n  f a c t ,  a -m e th y ls ty re n e  was shown to  be an av id  t h i y l  r a d ic a l  
scavenger by C. W alling  and R. R ab in o w itz ;^°  th e  m ost l i k e ly  f a te  
o f  Qf-m ethylstyrene i s  fo rm atio n  o f  th io e th e r  X II th rough  re a c tio n s  
96 and 97* T h e re fo re , th e  r o le  o f  b e n z e n e th iy l r a d ic a ls  i s  no t 
lim ite d  to  t h e i r  " e v e n tu a l com bination  to  form d i s u l f i d e " ,  as  Nelson 
and B a r t l e t t  expected.'^®  I t  must be added th a t  ar-m ethy lsty rene 
fo rm ation  was e s ta b l is h e d  in  t h i o l - f r e e  sy stem s.
PhC«CHa +  PhS- -  PhC-CHg-SPh (96 )
CH3 CHa
Ph^-CHa-SPh + PhSH -* PhCH-CHg-SPh + PhS« ( 97 ) 
CH3 CH3
X II
a .  A bso lu te  r a t e  c o n s ta n ts  fo r  hvdrogen t r a n s f e r . R.D. 
B u r k h a r t ® * ^  has determ ined  a number o f  r a t e  c o n s ta n ts  fo r  hy­
drogen a b s t r a c t io n  from th i o l s  (eq  98 ) a t  25°C. H is r e s u l t s
R .  + RSH — — > RH + RS* ( 98)
show th a t  even re s o n a n c e -s ta b il iz e d  r a d ic a ls  e a s i l y  a b s t r a c t  
hydrogen from a l ip h a t i c  t h i o l s ;  k t r  — 2 .2  x 10^ M ^ sec  ^ when
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R = benzy l i n  e q u a tio n  9 8 .
b . Scavenging o f  s ta b le  f r e e  r a d i c a l s . I t  i s  i n t e r e s t in g  to  
n o te  th a t  ex trem ely  s ta b le  f r e e  r a d ic a l s  such a s  2 ,2 -d ip h e n y l-  
p ic ry lh y d ra z y l ,4 4  n i t r o x y ls ,* ^  g^d aroxyls^®  r e a d i ly  a b s t r a c t
hydrogen from t h i o l s .  However tr ip h e n y lm e th y l r a d ic a l s  c o n s t i tu te  
an  e x c e p tio n , as they  seem to  be a b le  to  p e r s i s t  f o r  r e l a t i v e l y  
long tim e p e rio d s  in  th e  p resen ce  o f  t h i o l s .  E .S . Lewis and 
M.M. B u t l e r 's  r e p o r t^ ®  on t h i s  m a tte r  appeared  in  I 97I .  They 
p o in t o u t th a t  th e  r e a c t io n  o f  ' 'hexaphenyle thane" (1 -d ip h h n y l-  
m e th y le n e -h - tr ip h e n y lm e th y l-2 ,5 “cy c lo h ex ad len e , X I I I ) w ith  excess 
b e n z e n e th lo l in  to lu e n e  s o lu t io n  y ie ld s  phenyl t r i t y l  s u l f id e  i n  
a d d i t io n  to  tr ip h en y lm eth an e . D iphenyl d i s u l f i d e  cou ld  n o t be 
d e te c te d ,  and th e  mechanism in d ic a te d  by e q u a tio n s  99-101 was 
p roposed:
X III  2 (P h)3C* ( 99)
(Ph)3C* +  PhSH -  (Ph)3CH +  PhS- (lOO)
(Ph)3C- + PhS* -* (Ph)3C-SPh (101)
At 0°C " th e  c o lo r  o f  th e  t r i t y l  r a d ic a l  d ecreased  sh a rp ly  upon
a d d i t io n  o f  X III  to  a s o lu t io n  o f  th io p h e n o l. However, th e re  was 
s t i l l  a  p e rc e p t ib le  c o lo r  which p e r s is te d  fo r  s e v e ra l  h a l f - l i v e s  
o f  th e  d is s o c ia t io n  o f  X I I I .
From c o n s id e ra tio n  o f  th e  r e a c t io n s  d isc u sse d  in  t h i s  s e c t io n ,  
i t  i s  obvious t h a t ,  in  g e n e ra l,  th e  e f f ic ie n c y  o f  t h i o l s  as
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hydrogen t r a n s f e r  ag en ts  I s  f irm ly  e s ta b l i s h e d .
D. CONCLUSION
I t  seems a p p ro p r ia te  t o  conclude t h i s  In tro d u c to ry  s e c t io n  
w ith  comments on le sso n s  to  be le a rn e d  from p rev io u s  a tte m p ts  a t  
d e te rm in in g  r e l a t i v e  v a lu e s  fo r  t h i y l  r a d ic a l s  and on th e  r e ­
q u i s i t e  s t r a t e g i e s  fo r  e v e n tu a l su c c e s s . F i r s t ,  and t h i s  comment 
a p p l ie s  to  f r e e - r a d ic a l  re a c tio n s  in  g e n e ra l ,  I t  I s  d e s i r a b le  th a t  
th e  two hydrogen donors under s tudy  be p re s e n t In  th e  same r e ­
a c t io n  m ix tu re , so  th a t  any v a r ia t io n s  in  r e a c t io n  param eters  w i l l  
a f f e c t  b o th  s u b s t r a te s  e q u a l ly .  I n  o th e r  w ords, b o th  com peting 
s u b s t r a te s  w i l l  be su b je c te d  to  th e  same v a r ia t io n s  i n  th e  s te a d y -  
s t a t e  t h i y l  r a d ic a l  c o n c e n tra tio n  w ith  tim e , te m p era tu re  f lu c tu a ­
t i o n s ,  changes i n  m o lecu la r env ironm ent, e t c .  As an a l t e r n a t i v e ,  
a  b lm o lecu la r r e a c t io n  In v o lv in g  t h i y l  r a d ic a l s  and a  " s ta n d a rd "  
s u b s t r a te  cou ld  be used to  m on ito r s te a d y - s ta te  t h i y l  r a d ic a l  
c o n c e n tra t io n s .  To be u s e f u l ,  th e  " s ta n d a rd  r e a c t io n "  would have 
to  proceed a t  r a t e s  com parable to  th o se  o f  hydrogen a b s t r a c t io n  
from th e  o n ly  donor p re s e n t In  th e  system .
N ext, th e  method o f  t h i y l  r a d ic a l  g e n e ra tio n  shou ld  n o t g iv e  r i s e  
to  o th e r  r a d ic a l s  th a t  a re  l i k e ly  to  In tro d u ce  c o m p lic a tio n s . T h is 
c o n s id e ra t io n  excludes th e rm o ly s is  o f  t h l o n l t r i t e s  o r a re n e d la z o -  
t h i o l a t e s ,  as w e ll as p h o to ly s is  o f  a l ip h a t i c  t h i o l s .  S ince pho­
to l y s i s  o f  a ro m atic  d i s u l f id e s  o th e r  th a n  d lm e s lty l d i s u l f i d e  a re  
no t f r e e  o f  s id e  r e a c t io n s ,  one would do w e ll to  tu rn  to  a  d i f ­
f e r e n t  sou rce  o f  t h i y l  r a d ic a l s .
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F in a l ly ,  i t  must be k ep t in  mind th a t  th e  o n ly  su c c e s s fu l 
methods re p o rte d  fo r  q u a n t i ta t iv e  s tu d y  o f  hydrogen a b s t r a c t io n  
(by h a lo g e n -su b s ti tu te d  t h i y l  r a d ic a l s )  had as  a  common fe a tu r e  
th e  (a p p a re n t)  absence o f  co m p lica tio n s  d e riv e d  from r e v e r s i b i l i t y  
o f  th e  a b s t r a c t io n  s te p .  T h is  la c k  o f  co m p lica tio n s  was th e  con­
sequence o f  t h i o l  d e s tru c t io n  v ia  a " f a s t "  r e a c t io n  w ith  th e  t h i y l  
r a d ic a l  so u rce ; see  eq 102. As remarked on page 26 , th e  p o s s i-
RSH +  RSCl -  RSSR +  HCl (102)
b i l i t y  o f  some degree o f  r e v e r s a l  o f  th e  a b s t r a c t io n  s te p  by th i o l  
p re se n t in  very  sm all c o n c e n tra tio n s  c a s ts  a doubt on K lo o s te r z le l  
and H a r r is ' r e s u l t s ,  fo r  t h i s  p o s s ib le  sou rce  o f  e r r o r  went un­
reco g n ized . T h e re fo re , we r e a l iz e d  th a t  r e v e r s i b i l i t y  shou ld  be 
e i t h e r  f u l l y  avoided o r  f u l l y  tu rn ed  to  advan tage in  a s u c c e s s fu l 
method to  measure r e l a t i v e  ky v a lu e s .
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CHAPTER 2 . KINETIC ANALYSES
I .  COMPETITIVE METHOD 
As s ta te d  In  th e  in t ro d u c t io n  we have developed  two system s 
fo r  m easuring r e l a t i v e  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  by 
t h i y l  r a d ic a ls  (k # ) .  The f i r s t  system  in v o lv e s  g e n e ra tio n  o f  
t h i y l  r a d ic a ls  by therm al hom olysis o f  AIBN in  a  t r i t iu m - la b e le d  
t h i o l  s o lv e n t .  Two hydrogen donors a re  p re s e n t (QH, Q°H), and 
bo th  undergo hydrogen a b s t r a c t io n  (eqs )  and 4 be low ); th a t  i s ,  
th e  donors compete fo r  r e a c t io n  w ith  th e  t h i y l  r a d ic a ls  in  th e  
system . The Q* and Q° r a d ic a ls  become la b e le d  v ia  r e a c t io n s  6 and 
8 . The r e le v a n t  eq u a tio n s  fo llo w  ( in  eq 1 ,  b ra c k e ts  a re  used to  
r e p re s e n t  a so lv e n t c a g e ) :
AIBN - ^ >  [2A* + Na] (1 )
A* + RSH* ---------> AH* + RS- ( 2 )
RS- + QH - ^ >  RSH + Q- ( 3 )
ku
RS* + Q°H — ^ >  RSH + Q° (4 )
Q .  + RSH - i ^ >  QH +  RS- (3 )
Q .  + Rsx - i ^ >  QT + RS* (6 )
qO + RSH - ^ >  Q°H + RS- (7 )
Q° + RST - ^ >  Q°T + RS- (8 )
k t  ,  .
2RS- — ^ >  RSSR (9 )
45
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When th e  elem en tary  p ro cesse s  in v o lv in g  Q*, Q°, QT, and Q T a re  
co n sid ered  eq u a tio n s  10 -1 )  r e s u l t ,  w herein  b ra c k e ts  in d ic a te  
m oles/X .
4 ? ^  “  k g q .][R S T ] (10)
= k4 [Q-][RST] (11)
= kH[RS.][QH ] -  ka[Q *][RSH ] -  k a [Q .][R S T ] (1 2 )
»  k& [RS.][Q °H ] -  k4CQ°-][RSH] -  kiCQ‘î][R S T ] ( l ? )
I f  a s te a d y  s t a t e  in  Q* and Q° i s  assumed ( i . e . ,  » O ),
eq u a tio n s  14 and 1$ a re  o b ta in ed  from eqs 12 and 1 ) .
knCRSOCQH] » ka[Q.][RSH] +  ka[Q*][RST] ( l4 )
k§[RS-][Q°H] " k4[Q°][RSH] + k^[Q°][RST] (1$)
The r e s u l t s  o f  so lv in g  fo r  [Q*] in  eq 15 and fo r  [Q°] in  eq l 6 a re
kH[RS.][QH]
[ q . ]  o  ------------------------------------    ( 1 6 )
kaCRSH] +  kaCRST]
Rh Cr s OCq^h ]
[qO] = J i ---------------    (17 )
k&CRSH] + kiCRST]
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
R ew ritin g  eqs 10 and 11 in  d i f f e r e n t i a l  form r e s u l t s  in
d[QT] -  k ^ [q .][R S l]d t (18)
d[Q°T] B k|[Q®.][RST]dt (1?)




S u b s t i tu t in g  in to  eq 20 th e  ex p re ss io n s  fo r  [Q«] and Cq°] (eqs 16 
and 17 r e s p e c t iv e ly )  we o b ta in :
d[QT] k a  kH [QH] kiCRSH] +  kJCRST]
d[Q°T] k i  kH [Q°H] kaCRSH] +  kgCRST]
ku
S o lv ing  fo r  th e  r a t i o  ^
%  kaCRSH] + k^CRST] [Q°H] d [Q l]
(21)
kH k a  k&CRSH] + k&CRST] [QH] d[Q°T]
R earrang ing  th e  r i g h t  hand s id e  o f  eq 22 g iv e s : 
kH ka/kA + [RST]/[RSH] d[QT]/[QH]
(22)
kH k i / k î  + [RST]/[RSH] d[q°T ]/[Q °H ]
( 25)
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I'RST" «  1  and s in c e  b o th  kg /kg  and k^/k*  a re  prim aryS ince ^
k in e t ic  iso to p e  e f f e c t s  and a re  th e re fo re  g r e a te r  th an  u n i ty ,  eq 25
can be s im p l if ie d  by n e g le c tin g  th e  r a t i o  [RST]/[RSH]. T h is
s im p l i f ic a t io n  g iv es
kH kg /kg  d[QT]/[QH]
—  a  -------   .   (24)
ky k t / k !  d[Q°T]/[Q°H]
I f  o n ly  a sm all f r a c t io n  o f  QH and Q°H m olecu les become la b e le d  
a t  th e  end o f  th e  r e a c t io n ,  d[QT] and d[Q°T] can be tak en  to  be good 
approx im ations to  th e  f i n a l  c o n c e n tra t io n s ,  [QT] and [Q°T], r e ­
s p e c t iv e ly .  Under t h i s  c o n d it io n , [QH] ~  [QH]i  and [QhP ]  Z  [Q°H]j,; 
a c c o rd in g ly , eq 24 can be r e w r i t te n  in  th e  form
kH kg /kg  [QT]/[QH]i
4  ka/k4  [Q °T]/[Q °H ]i 
I t  can r e a d i ly  be shown (se e  Appendix A) th a t  
[R ad io ac tiv e  m olecules o f  X]
(25)
Ax ( 26)
T o ta l conc. o f  X 0 .693  x  6 .023  x 1 0 ^
w herein  t ^  s tan d s  fo r  th e  h a l f - l i f e  o f  th e  ra d io n u c lid e  in  "X" 
in  m inutes and A^ deno tes th e  m olar s p e c i f i c  a c t i v i t y  o f  compound 
X in  d is in te g r a t io n s  m ole’ ^ min Making use o f  eq 2 6 , we can 
w r i te :
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[QT] t i  f o r  3h
--------  «   2 --------------- . * „  ( 2Tf)
[QHli 0 .693  X 6 .0 2  X 1023
[Q°T] t i  fo r  %
  = ---------------------------------- . AqOu ( 28)
[Q H ]i 0 .693  X 6 .023  X 1023 ^
S u b s t i tu t io n  o f  th e  l a s t  two eq u a tio n s  in to  eq 23 y ie ld s :
kH kg /k g  Aqji
kH k4/k& Ag°H
( 29)
T h is  f i n a l  r e s u l t ,  g r a t i f y in g ly  sim ple i n  form , p r e d ic ts  a p ro ­
p o r t i o n a l i ty  between th e  r a t i o  o f  th e  m olar s p e c i f i c  a c t i v i t i e s  
o f  th e  two donors QH and Q°H and th e  r a t i o  o f  t h e i r  r e s p e c t iv e  
r a t e  c o n s ta n ts  f o r  hydrogen a b s t r a c t io n .
I I .  STANDARD REACTION METHOD 
The fo llo w in g  r e a c t io n s  a re  inv o lv ed
AIBN - A - > [ 2A* + Ng] ( 50 )
A* +  RSH* AH* +  RS* ( 51)
RS* + (PhO)3P
kp ^
R* + (PhOjsPS ( 32)
RS* + QH RSH + Q* (33)
Q* + RSH QH + RS* (34)
Q* + RST _ h L > QT + RS* (35)
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kgR* + RSH — RH + RS.  (56)
R .  + R S T  - î ^ >  RT + RS. (57)
2RS. - ^ >  RSSR (38)
In  eqs 3O-38  a i l  th e  symbols r e t a i n  t h e i r  p rev io u s  m eaning. In  t h i s  
and th e  co m p e titiv e  system , t h i y l  r a d ic a ls  a re  g en e ra ted  by th e  same 
sequence o f  re a c tio n s  (eqs 30 and 3I ) .  However, th e  second hy­
drogen donor i s  now a b se n t, and t h i y l  r a d ic a ls  p a r t i t i o n  between 
r e a c t io n  w ith  (PhO)3P (eq  32 ) and hydrogen detachm ent from QH (eq  
35). T rip h en y l p h o sp h ite  i s  a " s ta n d a rd "  o r " p i lo t "  r e a g e n t ,  p re ­
s e n t  in  every  r e a c t io n  m ix tu re ; th e  sequence o f  r e a c t io n s  32  and 
36 c o n v e rts  a lk a n e th iy l  r a d ic a l s  in to  h y d rocarbons.
I f  we c o n s id e r  th e  elem en tary  r e a c t io n s  in v o lv in g  QT, QH,
Q ., and Q° eq u a tio n s  39"^2 r e s u l t .
= kaCQ-lCRSX] ( 39)
= ks[R .][R SH ] (40)
= kH[RS-][QH] -  kaCQOCRSH] -  k^[Q .][R ST] (4 l )
= kp[RS-][TPP] -  k3 [R.][RSH] -  k^[R .][R ST] (42)
A p p lic a tio n  o f  th e  s te a d y - s ta te  approx im ation  in  Q. and R. to
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eq u a tio n s  41 and 42 y ie ld s :
kaCQOCRSH] +  ka[Q*][RST] « knCRS-lCQH] (4?)
ks[R .][R SH ] + k3 [R '][R ST ] = kp[R S.][TPP] (44)
S o lv ing  e q u a tio n  4 j  fo r  [Q«] and e q u a tio n  44 fo r  [R .] g iv e s :
kH[RS‘ ][QH]
[Q .] = -------------------   (45)
kaCRSH] + kaCRST]
kp[RS*][TPP]
[R * ] = ---------------------------    ( 4 6 )
kaCRSH] +  k^CRST]
R e s ta tin g  eq u a tio n s  59 and 40 as d i f f e r e n t i a l  r e l a t io n s  and ob* 
ta in in g  r a t i o s  o f  th e  co rresp o n d in g  s id e s  r e s u l t s  in :
dCQT] k g Q ']C R S T ]
  »  ------------------- (47)
dCRH] kaCR']CRSH]
I n s e r t in g  in to  e q u a tio n  4% th e  e x p re ss io n s  fo r  C Q * ]  (eq  45) and 
CR*] (eq  46) le a d s  to
dCQT] k„CQH] kA kaCRSH] + kgCRST] CRST]
  = ------------- . —  . ----------------------------- .   (48)
dCRH] kpCTPP] ka kaCRSH] + kaCRST] CRSH]
Upon m an ip u la tio n  o f  th e  r i g h t  hand s id e  o f  e q u a tio n  48 we o b ta in :
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d[QT] IchCQH] 1  + (k3/k3)([R ST]/[R SH ]
"  S3  ' '  ...................  «  ■ ' III I I I  -   ■ II I I ( ^ 9 )
d[RH] kp[TPP] 1 + k^ [RST]
ka [RSH]
S ince «  1  and s in c e  th e  .k in e t ic  iso to p e  e f f e c t s  ^  and
~  a re  sm a lle r  th a n  u n i ty ,  e q u a tio n  i s  s im p lif ie d  to  e q u a tio nKa
50 .
d[QT] kHÜQH]
d[RH] kp[TPP] ka  [RST]
ka [RSH]
( 50)
R earrang ing  eq 50 y ie ld s ;
d[QT] kH[QH] k^ [RST]
S 3 ■^■111 1 '  W - l  « #  #  «SMüS M M M M
d[RH] kp[TPP] k a  [RSH]
(51)
F u rth e r  rearrangem ent le a d s  to  eq 52:
d[QT] k« kA [RST]
  . [TPP] = —  '  —  '  --------  • d[RH] ( 52)
[QH] kp k a  [RSH]
At low co n v e rs io n s , d[QT] ~  [QT] and d[RH] % [RH], and we can w r i te :
[QT] ky ka [RST]i
  • [TPP]i = —  '  —  . ----------  • [RH] ( 55)
[QH]i kp ka [RSH]i
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By making use o f  e q u a tio n  26 a g a in  (s e e  Appendix A), I t  I s  p o s s ib le  
to  a r r iv e  a t  e q u a tio n  $4.
ku ka
Aqh • [TPP]i "  —  • —  • Arsh . I  ‘ (54)
kp ka
In  th e  above e q u a tio n , Aqy and Apgg re p re s e n t  th e  m olar s p e c i f ic  
a c t i v i t i e s  o f  th e  recovered  QH and th e  I n i t i a l  RSH, r e s p e c t iv e ly .  
E quation  54 p re d ic ts  th a t  a  p lo t  o f  Aqjj • [TPP]i v s .  [RH] a t  con­
s ta n t  t h i o l  a c t i v i t y  I s  l in e a r  w ith  s lo p e  m p ro p o r tio n a l to  th e  
r a t e  c o n s ta n t fo r  hydrogen a b s t r a c t io n  by t h i y l  from QH (eq  55) ;
ky ka
mQH = —  '  —  '  (A rsH ,i)q h  ( 55)
kp ka
The s u b s c r ip t  QH deno tes th e  f a c t  th a t  QH was Invo lved  in  th e  k i ­
n e t ic  ru n s .  From two s e r ie s  o f  k in e t i c  ru n s , one w ith  QH u s in g  
la b e le d  th i o l  o f  s p e c i f ic  a c t i v i t y  (ARgn^i)qu and a n o th e r  w ith  Q°H 
u s in g  th i o l  o f  s p e c i f ic  a c t i v i t y  (ARSH,i)Q°H> two m v a lu es  a re  ob­
ta in e d  (mqjj and mqOy). E quation  5 6 , id e n t i c a l  In  form w ith  equa­
t i o n  55» a p p l ie s  to  s u b s t r a te  Q°H:
ky ki
™Q°H = —  • —  (ARSH,i)Q°H ( 56)
kp k4
In  th i s  e q u a tio n  k g , k* and ki a r e  th e  r a t e  c o n s ta n ts  fo r  r e a c t io n s
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57» 58 , and 59 , r e s p e c t iv e ly  ( a l l  in v o lv in g  Q °):
kH
RS. + Q°H — 2->  RSH +  Qi (57)
lC4
Q° + RSH ------ > Q°H + RS* (58)
vi
Q* + RST ------ > Q°T + RS* ( 59)
By com bining eq u a tio n s  55 and 56 in  a s tra ig h tfo rw a rd  manner we 
a r r iv e  a t  e q u a tio n  6O:
%  ™QH (ARSH,i)Q°H 4 a /k a
  E3 ------- *    *   ( 60)
kfl mQ°H (^ R S H ,i)q H  k t / k *
The id e n t i t y  betw een th e  is o to p e  e f f e c t  r a t i o s  i n  e q u a tio n s  60 
( p i l o t  r e a c t io n  method) and 29 (c o m p e tit iv e  method) should  be 
n o te d .
I I I .  JUSTIFICATION OF ASSUMPTIONS 
In  summary, th e  assum ptions e x p l i c i t l y  made in  d e r iv in g  k i ­
n e t ic  e x p re ss io n s  fo r  b o th  system s a r e :
(1 ) [RSH] »  [RST]
( 2 ) C onversions a re  k ep t low. T h is  r e s t r i c t i o n  a p p lie s  
s p e c i f i c a l ly  to  degree o f  la b e l in g  o f  s u b s t r a te ( s )  
and e x te n t o f  t h i o l  d é s u lfu r a t io n .
( 5 ) A s te a d y - s ta te  in  th e  c o n c e n tra tio n  o f  a l l  carbon - 
cen te red  r a d ic a l s  (ex c lu d in g  2-cy an o -2 -p ro p y l 
r a d ic a ls )  o b ta in s .
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In  a d d i t io n ,  i t  i s  im p l ic i t l y  assumed th a t  o n ly  th e  l i s t e d  
r e a c t io n s  a re  invo lved  in  form ing th e  p ro d u c ts  s tu d ie d .  In  p a r ­
t i c u l a r ,  we assume th a t :
(4a) Of a l l  r a d ic a l s  p r e s e n t ,  o n ly  t h i y l  r a d ic a ls  
a b s t r a c t  hydrogen from th e  d o n o r (s ) ,  and 
(4b) th e  f a t e  o f  a l l  carbon r a d ic a l s  i s  hydrogen
a b s t r a c t io n  from t h i o l .  (For 2 -cy an o -2 -p ro p y l 
r a d i c a l s ,  how ever, reco m b in a tio n  o r  d is p ro ­
p o r t io n a t io n  would n o t a f f e c t  th e  d e riv e d  
r e l a t io n s h ip s . )
S ince c o n d itio n s  1 - )  can presum ably be met by ju d ic io u s  ch o ice  o f  
ex p erim en ta l param eters  (se e  Appendix H), in  th e  s e c t io n  th a t  
fo llow s I  w i l l  t r y  to  convince th e  re a d e r  th a t  th e  l a s t  two 
assum ptions a re  em inen tly  re a so n a b le  in  th e  l i g h t  o f  th e  f a c t s  
known a t  th e  tim e t h i s  r e s e a rc h  was u n d ertak en .
A. Hvdrogen A b s tra c tio n  from QH 
The purpose o f  t h i s  s e c t io n  i s  to  show th a t  r e a c t io n  6l  i s  
more l i k e ly  to  occur th a n  r e a c t io n  62 below .
RS- + QH RSH + Q- (61)
R- + QH RH + Q- ( 62)
In  e q u a tio n  62, R« i s  a ca rb o n -ce n te red  r a d i c a l .
There a re  two m ajor r a d ic a l  types to  be co n sid ered  in  bo th  
system s; th e re  a re  c a rb o n -ce n te red  and s u lfu r -c e n te re d  r a d i c a l s .
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The most r e a c t iv e  carbon r a d ic a l  (R«) to  be found in  a r e a c t io n  
m ix tu re  i s  cy c lo h ex y l, which i s  formed by d é s u lfu r a t io n  o f  c y c lo -  
h e x a n e th iy l r a d ic a l  by t r ip h e n y l  p h o sp h ite . Cyclohexyl r a d ic a ls  
cou ld  presum ably a b s t r a c t  hydrogen from a good hydrogen donor (QH) 
such as  cumene ( r e a c t io n  63) ;
CHs CH3
CqHh* +  PhC-H -  CsHia + Ph-C* ( 65)
CH3 CH3
R eac tio n  61 i s  exo therm ic (AH = -11 k ca l/m o le )  and m ight be 
though t to  occur w ith  o n ly  a sm all a c t iv a t io n  en erg y . However, 
r e a c t io n s  in v o lv in g  hydrogen atom t r a n s f e r  from hydrocarbon donors 
to  carbon a c c e p to rs  ( i . e . ,  from cumene to  cy c lo h ex y l) a re  c h a ra c ­
te r iz e d  by h igh  i n t r i n s i c  a c t iv a t io n  e n e rg ie s .  T y p ic a l examples 
o f  such r e a c t io n s  a re ;
CH3 '  +  PhCH3 >  CH4 + PhCHa • AH = - I 9 , Ea => 9 . 5^ (64)
CHa* + CHi -^ h a se " ^  CH* + CHa « AH = 0 ,  Ea = l 4 . ? ^  ( 65)
On th e  o th e r  hand, hydrogen a b s t r a c t io n s  from hydrocarbon 
donors by th i y l  r a d ic a ls  ty p ic a l ly  have low i n t r i n s i c  a c t iv a t io n  
e n e r g ie s ,3 as  s ta te d  in  th e  in t ro d u c t io n .  I f  th e se  a b s t r a c t io n s  
a re  endo therm ie , th e i r  a c t iv a t io n  e n e rg ie s  d i f f e r  l i t t l e  from th e  
e n th a lp y  o f r e a c t io n  (eq  66) .  I t  was f u r th e r  no ted  in  th e
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C% S' + CH* > CH3SH +  "CHg AH -  +16, Ea = 20.1** ( 66 )
In tro d u c t io n  th a t  A .F . B ick e l and E .C . Kooyman were th e  f i r s t  to  
p o in t ou t and e x p lo i t  th e  c o n tra s t in g  beh av io r o f  C -cen te red  and 
S -cen te red  r a d ic a ls  In  hydrogen a b s t r a c t io n ,  and s e v e ra l  o b se rv a ­
t io n s  b e a rin g  on th e  ea se  o f  hydrogen a b s t r a c t io n  by t h i y l  r a d i ­
c a ls  were d is c u s se d . R etu rn ing  to  r e a c t io n  63 , I t  I s  no t on ly  
expected  to  p o sse ss  a r a th e r  h igh  a c t iv a t io n  energy (compared w ith  
hydrogen a b s t r a c t io n  from th e  same s u b s t r a te  by th i y l  r a d i c a l s ) ,  
b u t a ls o  to  be re ta rd e d  by a  v ery  low s te a d y - s ta te  c o n c e n tra tio n  
o f  cyclohexy l r a d i c a l s .  The c o n c e n tra tio n  o f carbon  r a d ic a ls  I s  
expected  to  be low (compared to  th a t  o f  t h i y l  r a d ic a l s )  because 
o f  f a s t  scavenging o f  cyc lohexy l r a d ic a ls  by t h i o l  m o lecu les, 
which Is  an I n t r i n s i c a l l y  f a s t  re a c tio n ^  (eq  67 ) .
CqHii* + CgHiiSH -  CaHia + CqHuS- k a: 10^ m"^ s e c “^ a t  25°C ( 67)
B. F a te  o f  Q» and Q° R ad ica ls  
Now th a t  hydrogen a b s t r a c t io n  by t h i y l  r a d ic a l s  v e rsu s  c a r ­
bon r a d ic a ls  has been p laced  In  p roper p e rs p e c t iv e , we m ust con­
s id e r  r e a c t io n  68 which was proposed on page 35 to  be th e  f a t e  o f
Q. + RSH* -  QH* + RS* ( 68)
carbon r a d ic a ls  In  th e  system . The e f f ic ie n c y  o f  t h i o l s  In  hydro­
gen donation  to  carbon r a d i c a l s ,  In c lu d in g  re s o n a n c e - s ta b il iz e d
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sp e c ie s  such a s  cumyl, was e s ta b l is h e d  In  C hapter 1 .  Thus, many 
r e p o r ts  o f  q u a n t i ta t iv e  scavenging  o f  f r e e  r a d ic a ls  by th i o l s  w ere 
rev iew ed , and on ly  one ex ce p tio n  was n o te d . T h e re fo re , we can 
c o n f id e n tly  expec t th a t  every  carbon r a d ic a l  g en era ted  In  t h i o l  
so lv e n t w i l l  a b s t r a c t  hydrogen from th e  t h i o l .
Of c o u rse , we have on ly  shown th a t  assum ptions 4a  and 4b 
(page 55) a re  re a so n a b le , c o n s is te n t  w ith  known f a c t s ,  and th e o ­
r e t i c a l l y  j u s t i f i e d .  However, th i s  k ind  o f  j u s t i f i c a t i o n  I s  n o t 
s u f f i c i e n t ;  In  th e  s e c tio n  devoted to  c o n tro ls  In  C hapter 4 we 
w i l l  g iv e  ex p erim en ta l p ro o f th a t  th e  assum ptions made a re  Indeed 
met In  b o th  o f  th e  system s developed .
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CHAPTER ) .  EXPERIMENTAL
I .  MATERIALS
Cvclohexvl -  (l-n ie th v l-1 -p h e n v le th v l)  s u l f id e  was sy n th e s iz e d  
by Io n ic  a d d i t io n  o f  c y c lo h e x a n e th lo l to  a -m e th y ls ty re n e  (eq  l ) .
CHa
PhC-CHa + CeHxxSH (%)
CHa —  CHa
The s y n th e t ic  p rocedure was v ery  s im i la r  to  th a t  fo llow ed by
C. W alling  and R. R ablnow ltz^ fo r  th e  p re p a ra t io n  o f  I s o b u ty l-  
(1 -m e th y l- l-p h e n y le th y l)  s u l f id e .  To a s o lu t io n  o f  55*8 8 (0 .4 8  
mole) o f cy c lo h e x a n e th lo l and 64 .8  g (0 .5 4  m ôle) o f  Of-methyl- 
s ty re n e  In  $00 ml o f  g l a c ia l  a c e t ic  a c id ,  $0 d rops o f  18 M aqueous 
H2SO4 were added. The r e a c t io n  m ix tu re  was allow ed to  s ta n d  In  
th e  d ark  fo r  two hours a t  room te m p e ra tu re , d i lu te d  w ith  225 ml 
o f  w ater and e x tra c te d  w ith  fo u r 90 ml p o r tio n s  o f  carbon t e t r a ­
c h lo r id e .  The carbon te t r a c h lo r id e  was ev ap o ra ted  and th e  re s id u e  
f r a c t io n a l ly  d i s t i l l e d  under reduced  p re s s u re .  A f r a c t io n ,  which 
was 9 7 . 59̂  pure by g lc  on e i th e r  Carbowax 20 M o r SE-50  colum ns, was 
found to  have th e  fo llow ing  p r o p e r t ie s :  n ^  1 .5 4 5 2 , I .O I7 g ml ^
C,H A n a ly s is :
C a lcu la ted  fo r  CxsHggS: C 7 6 . 8656; H 9*4656 
Found: C 7 6 .4 0 # ; H 9.6956 
The 60 MHz nmr spectrum  had s ig n a ls  a t  0*95 " 1 .6 )  6 (m ul­
t i p l e t )  due to  3-6  cyclohexane r in g  p ro to n s , a t  I .65 6 ( s in g le t )  due 
to  th e  m ethyl hydrogens, a t  2 .0 6  -  2 .40 6 ( m u l t ip le t ,  IH)
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co rresp o n d in g  to  th e  m eth lne hydrogen , and a t  7 .2 9  6 (m u l t ip le t  
5H) due to  a ro m atic  r in g  hydrogens. I n te g r a t io n  o f  th e  s ig n a ls  
y ie ld e d  a re a s  in  th e  r a t i o  5 :1 :1 6 , co rresp o n d in g  to  a ro m a tic  r in g  
hydrogens: m eth ine hydrogen : m ethyl hydrogens p lu s  p-6 c y c lo ­
hexane r in g  hydrogens.
C vclohexvl -  (2 -p h en v lp ro p v l) s u l f id e  was sy n th e s iz e d  v ia  a n t i -  
Markovnikov a d d i t io n  o f  cy c lo h e x a n e th io l to  a-m ethy1s ty re n e  (eq  2 ) .  
A s o lu t io n  o f  53*5 g (0 .4 6  m ole) o f  c y c lo h e x a n e th io l, 5 4 .2  g
PhÇ=CH2 +  CqHxiSH / Q N - c - C H a - s /  \  ( 2 )
CHa —  CHa
H
(0 .5 6  m ole) o f  a -m e th y ls ty re n e  and O.56  g (0 .0 0 )4  m ole) o f  2 , 2 '-  
a z o b is l s o b u ty r o n i t r i le  in  120 ml o f  n-hexane was re f lu x e d  o v e r­
n ig h t .  The s o lv e n t ,  excess m ercap tan  and u n reac ted  a -m e th y ls ty re n e  
were removed by d i s t i l l a t i o n  a t  a tm ospheric  p re s s u re ,  and th e  r e ­
s id u e  was f r a c t io n a l ly  d i s t i l l e d  under reduced  p re s s u re .  A ll  f r a c ­
tio n s  were assayed  by g lc ;  th e  f r a c t io n  th a t  had th e  h ig h e s t  
p u r i ty  (9 8 . 5^  by g lc  on a Carbowax 20 M column) had th e  fo llo w in g  
p h y s ic a l p r o p e r t ie s :  n^^ 1 .5 4 4 1 , 1 .0 1 2  g ml b .p .  I 07 - 109°C
a t  about O.O5 T o r r .  C,H A n a ly s is :
C a lc u la te d  fo r  C15H22S: C 7 6 . 86^ ;  H 9*46^
Found: c 7 6 .4 9 # ; H 9 .64#
The 60 MHz nmr spectrum  had a b so rp tio n s  a t  I .30  6 (d o u b le t 
due to  th e  m ethyl p ro to n s ) , a t  1 .1  - 2 .1  6 ( m u l t ip le t  due to  P-6  
p ro tons in  the  cyclohexane r i n g ) ,  a t  2 .68  Ô ( m u l t ip le t ,  4h due to
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th e  m ethylene p ro to n s  a to  s u l f u r  and to  b o th  m eth lne p ro to n s ) , and 
a t  7 .1 4  6 ( s i n g l e t ,  ^h) due to  th e  a rom atic  r in g  p ro to n s . The 
coup lin g  c o n s ta n t between th e  m ethyl and b e n z y llc  p ro to n s  I s  6 .1  Hz, 
and I n te g r a t io n  y ie ld s  s ig n a l  a re a s  In  th e  r a t i o  5 :4 :1 )  co rresp o n d ­
ing  to  phenyl hydrogens: (a -m ethy lene  p lu s  m eth lne hydrogens) :
(P -6  hydrogens In  cyclohexane r in g  p lu s  m ethyl h y d ro g en s).
D lcvclohexvl d i s u l f i d e  was o b ta in ed  by o x id a tio n  o f  c y c lo ­
h e x a n e th lo l w ith  f e r r i c  c h lo r id e  (eq  ) ) •  The procedure  d e sc r ib e d
2CqHi i SH + 2FeCl3 > 2FeCla + 2HC1 ( ) )
by G.R. S ch u ltze  e t  a l . ^  was fo llo w ed , and p u r i f i c a t i o n  was accom­
p lish e d  by f r a c t io n a l  d i s t i l l a t i o n  a t  reduced  p re s s u re .  The cen ­
t e r  f r a c t io n  was found to  be 9 9 . ) #  pure by g lc  on an  SE-JO column; 
p h y s ic a l p ro p e r t ie s  fo r  th i s  f r a c t io n  were found to  b e : n ^  1 .5442
( l i t e r a t u r e ^  n ^  1 .5 4 6 8 ), 1 .0 5 9  g ml b .p .  I O I .5 - 1 0 2 .5°C a t
about 0 .05  T o r r .  ( l i t e r a t u r e ^  b .p .  19)°C  a t  20 T o r r . ) .  C,H A n a ly s is : 
C a lc u la te d  fo r  CiaHagSg: C 62 .55$ ; H 9*62$
Found: C 62 . 52$ ; H 9 .82$
The 60 MHz nmr spectrum  had s ig n a ls  a t  1 .1  - 2 .2  6 ( m u l t ip l e t ,  20H, 
P-6 p ro to n s )  and a t  2 .6  6 ( m u l t ip le t ,  2H, a p ro to n s ) .
2 . 2 . ) . 5 -T e tra m e th v ls u c c ln o d ln lt r l le  was o b ta in e d  by therm al 
decom position  o f  AIBN In  benzene (eq  4 ) .  The procedure  g iven  by 
R. Back and C. S ivertz®  was fo llo w ed . A f te r  r e c r y s t a l l l z a t l o n  from 
ace tone  and p u r i f i c a t io n  by f r a c t io n a l  su b lim a tio n , th e  m .p. was 
found to  be 168 -  170°C ( l i t e r a t u r e ^  I 69 -  170° C ).
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CN CN CN CN
I I A I I
H3CC-N«N-CCH3 -% -r-  >  H3C0 CCH3 +  Na (!|.)
I I ^6*6 I I  '
CH3 CHa CHa CHa
AIBN
£-Methoxycumene was sy n th es iz ed  from £ -iso p ro p y lp h e n o l (eq  5)
£-i-Pr(C eH 4)0H  + (CHa)aS04 + 0H“ ”  >
0 (5 )
£ -i-P r(C eH 4 )CCH3 +  CH3OSO" + HgO
0
acco rd in g  to  th e  p rocedure  o u tl in e d  by G.A. R u s s e ll and R.C. 
W illiam so n .4 P u r i f i c a t io n  was accom plished by tw ice  vacuum -dis­
t i l l i n g  th e  produce, and o n ly  th e  m iddle f r a c t io n s  were saved . 
P u r i ty  was a sse sse d  by means o f  g lc  to  be about 99^ .
£ -E th y la n is o le  was sy n th e s iz e d  and p u r i f ie d  as fo llo w s : 
£ -E th y lp h en o l (0 .6  m ole, 95*3 g) was d is so lv e d  in  3OO ml o f  2N 
aqueous sodium hydroxide s o lu t io n  in  a th re e -n e c k e d , round-bottom ed 
f la s k  f i t t e d  w ith  a therm om eter, a d d i t io n  fu n n e l, and r e f lu x  con­
d e n se r . D im ethyl s u l f a t e  was th e n  added very  slow ly  w h ile  th e  s o lu ­
t io n  was m a g n e tic a lly  s t i r r e d  and th e  tem p era tu re  was k ep t below 
hO°C. A f te r  a d d i t io n  o f  78 g (O .6I 8 mole) o f  d im ethy l s u l f a t e ,  th e  
m ix tu re  was h ea ted  on a w a te r b a th  fo r  abou t I 5 m in u te s , 60 ml o f  
2N aqueous sodium hydroxide s o lu t io n  was poured in to  th e  f l a s k ,  and 
h e a tin g  was con tinued  fo r  I 5 more m in u te s . At t h i s  p o in t th e  
aqueous phase was te s te d  and found to  be a lk a l in e ,  th e  m ix tu re  was
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allow ed to  coo l and th e  aqueous phase was removed. The o rg an ic  
la y e r  was washed w ith  w a te r , w ith  d i l u t e  aqueous s u l f u r i c  a c id  
( tw ic e ) ,  and f i n a l ly  w ith  w ater a g a in  u n t i l  i t  was found to  be 
n e u t r a l .  The o rg an ic  la y e r  was d r ie d  over anhydrous sodium s u l f a t e  
and was tw ice  vacuum d i s t i l l e d ;  o n ly  th e  m iddle c u ts  were saved .
The p u r i ty  o f th e  p roduct was found to  be 98^  by g lc .
2 . 2 ' -A z o b is is o b u ty ro n i t r i le . purchased from th e  Eastman 
Chemical Company, was r e c r y s ta l l i z e d  tw ice  from a b s o lu te  e th a n o l and 
was th en  d r ie d  over phosphorus p en to x id e  under reduced  p re s s u re .  
T em peratures were no t allow ed' to  exceed kO°C d u rin g  th e  p u r i f i c a ­
t i o n ,  and th e  c r y s ta l s  were s to re d  in  a  f r e e z e r .
T rip h en v l p h o sp h ite , o b ta in e d  from M atheson, Coleman and B e ll  
(m .p. 22 -  2k°C ), was vacuum d i s t i l l e d  and th e  m iddle c u t used
n g o  1 . 589k .
C yclohexaneth io l and B en zen e th io l from d i f f e r e n t  so u rces  were 
r e d i s t i l l e d  under reduced p re s s u re .  Only th e  m iddle c u ts  were 
used .
T r i tiu m -la b e le d  w a te r , b io lo g ic a l  q u a l i ty ,  which had a s p e c i f ic  
a c t i v i t y  o f  5 c u r ie s  per ml was purchased  from b o th  New England 
N uclear and Schwarz-Mann (a  d iv i s io n  o f  B ecton-D ick inson  C o .) .
T r i t iu m -la b e le d  th i o l s  were o b ta in ed  as  fo llo w s : F re sh ly
d i s t i l l e d  cy c lo h e x a n e th io l o r b e n z e n e th io l was mixed w ith  th e  
a p p ro p r ia te  amount o f  t r i t iu m - la b e le d  w ate r in  a t i g h t l y  s to p p ered  
f l a s k .  The tw o-phase system  was s t i r r e d  o v e rn ig h t and th e  mer­
cap tan  was th e n  se p a ra te d  from th e  aqueous ph ase , d r ie d  over an ­
hydrous magnesium s u l f a t e ,  d eca n ted , and d i s t i l l e d .
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P erm aflu o r. a  co n c e n tra te d  to lu e n e  s o lu t io n  o f  l iq u id  s c i n t i l ­
l a t i o n  f lu o r s ,  vas  o b ta in ed  from th e  Packard In s tru m en t Company.
I t  must be d i lu te d  25 tim es v l t h  re a g e n t (o r  s c i n t i l l a t i o n )  grade 
to lu en e  p r io r  to  use to  y ie ld  a s o lu t io n  th a t  c o n ta in s  5 g per 
l i t e r  o f  l ,4 -b is -2 - (5 -p h e n y lo x a z o ly l) -b e n z e n e  and 0 .1  g per l i t e r  
o f  l ,4 -b ls -2 -(4 -m e th y l-5 -p h e n y lo x a z o ly l) -b e n z e n e .
9 .10 -D lh v d ro an th racen e . o b ta in ed  from P fa lz  and B auer, was 
tw ice  r e c r y s ta l l i z e d  from e th a n o l,  was d e c o lo riz e d  w ith  a c t iv a te d  
c h a rc o a l,  and was d r ie d  In  a i r  (m .p. 108 -  109°C ).
T rlphenv lm ethane. o b ta in ed  from Eastm an, was r e c r y s t a l l i z e d  
tw ice  from e th a n o l (m .p. 92 -  93°C ).
D lphenvlm ethane. purchased  from M atheson, Coleman and B e l l ,  
was vacuum d i s t i l l e d  and th e  m iddle c u t used ( b .p .  125°C a t  
15 T o r r . ) .
Toluene fo r  use In  l iq u id  s c l n t l a l l a t l o n  co u n tin g , was 
A n a ly t ic a l  Reagent grade to lu e n e  o b ta in e d  from M a llln c k ro d t.
P etro leum  e t h e r , b .p .  30 " 60°C, A n a ly t ic a l  R eagen t, was 
o b ta in ed  from M a llln c k ro d t.
E th y lb e n z e n e -d in . o b ta in ed  from th e  A ld r ic h  Chemical Company, 
was assayed  by nmr and found to  c o n ta in  abou t 99*6 atom ^  deu­
te riu m  In  th e  m ethylene g roup.
Cumene, E th y lbenzene , p-Cvmene. and T e t r a l l n  were e x tra c te d  
w ith  s e v e ra l  p o r tio n s  o f  c o n c e n tra te d  s u l f u r i c  a c id  u n t i l  c o lo r l e s s ,  
and th e n  washed w ith  w a te r , w ith  s a tu ra te d  aqueous sodium b ic a rb o n a te  
s o lu t io n  and w ith  w ater a g a in . F o llow ing d ry in g  over anhydrous 
sodium s u l f a t e ,  they  were d i s t i l l e d ,  and th e  m idd le c u ts  u sed .
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E th y l N .N "dim ethylam lnoacetate from Eastm an, was f r a c t io n ­
a l l y  d i s t i l l e d  under reduced  p re s s u re ;  b .p ,  $6° G a t  12 T o rr .
Hydrogen donors no t s p e c i f i c a l ly  m entioned were found to  be b e t ­
t e r  th an  98^ pure by vpc and were used w ith o u t p rev io u s p u r i f i c a t i o n .
A ctiv e  Raney n ic k e l c a t a l y s t . No. 28, i n  w a te r , was o b ta in ed  
from W.R. Grace and Company
Chromosorb W, a c id  washed, m anufactured  by th e  Johns-M anv ille  
C o rp o ra tio n , was used as s o l id  su p p o rt i n  a l l  th e  s ta t io n a r y  phases 
p repared  fo r  use in  gas chrom atography.
Carbowax 20M. S ilic o n e  Gum Rubber SE-50. Bentone 54. and 
D i- iso d e c y l p h th a la te  (PIDP) used to  co a t th e  s o l id  su p p o rt in  p re ­
p a rin g  s ta t io n a r y  phases f o r  gas chrom atography, were o b ta in ed  
from V arian  A s s o c ia te s .
I I .  PROCEDURE FOR KINETIC RUNS AND SAMPLE WORK-UP
A. COMPETITIVE METHOD
Preweighed q u a n t i t i e s  o f  th e  two hydrogen donors and AIBN 
were p laced  in  a  y o lu m etric  f la s k  and d is so lv e d  in  la b e le d  t h i o l .  
R eac tio n  m ix tu res  were ty p i c a l ly  0 .25  M in  each donor and 0 .0 1  M in  
AIBN, and th e  a c t i v i t y  o f  th e  t h i o l  was 10^^ -  10^^ d i s in t e g r a ­
tio n s  min ^ mol ^ (dpm per m o l). A liq u o ts  (0 .9  to  4 .0  ml) o f  th e  
re a c t io n  m ix tu re  were t r a n s f e r r e d  to  Pyrex g la s s  am poules, sub­
je c te d  to  th re e  fre e z e -e v a c u a te -a d m it n itro g en -th aw  c y c le s ,  then  
se a le d  under vacuum and allow ed to  r e a c t  fo r  5 hours a t  80.0°C ; 
th i s  le n g th  o f tim e co rresponds to  about 4 h a l f - l i v e s  o f  th e  
i n i t i a t o r .
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Sample work up invo lved  ( th e  in te rv e n in g  w ater w ashings a re  
o m itte d ) ;  d i l u t io n  w ith  petro leum  e th e r  o r  d ie th y l  e th e r ;  re p e a te d  
e x t r a c t io n s  w ith  20^  aqueous sodium h y d ro x id e ; a d d i t io n  o f  10# 
aqueous s i l v e r  n i t r a t e  and c e n t r i f u g a t io n ;  e x t r a c t io n  w ith  s a tu ­
ra te d  m ercu ric  n i t r a t e  s o lu t io n  in  aqueous d i l u t e  n i t r i c  a c id ;  
d ry in g  over anhydrous CaSO^; and qu ick  tre a tm e n t w ith  a c t iv e  
Raney n ic k e l .  Some o f  th e se  s te p s  were o m itted  fo r  in d iv id u a l  
sam ples. For in s ta n c e ,  Raney n ic k e l  tre a tm e n t would have r e ­
duced n i t r o -  and halogen  d e r iv a t iv e s ;  in  sam ples c o n ta in in g  th io -  
a n is o le ,  th e  s u b s t r a te  would have been e x t r a c te d ,  a lo n g  w ith  th e  
s u l f id e  im p u r i t ie s ,  by aqueous s i l v e r  o r m ercu ric  n i t r a t e .  The 
s o lu t io n  o f  th e  s u b s t r a te s  in  l i g r o in  o r d ie th y l  e th e r  was con­
c e n tra te d  by e v a p o ra tio n  a t  reduced p re s s u re  and th e  donors 
u s u a lly  were se p a ra te d  by g lc  and su b seq u en tly  ra d io a ssa y e d . In  
some c a s e s ,  a known amount o f co ld  c a r r i e r  was added to  th e  
sample j u s t  a f t e r  th e  ampoule was opened; t h i s  was done when th e  
s u b s t r a te  c o n c e n tra tio n  in  th e  sample was low enough (<  0 .1  M) 
to  ren d er i t s  i s o la t io n  d i f f i c u l t .  For a d e ta i le d  d e s c r ip t io n  
o f  th e  work-up o f  one p a r t i c u la r  sam ple, see  Appendix B.
B. STANDARD REACTION METHOD
Preweighed amounts o f  donor, t r ip h e n y l  p h o sp h ite , and AIBN 
were p laced  in  a v o lu m etric  f la s k  and were d is so lv e d  in  t r i t iu m -  
la b e le d  c y c lo h e x a n e th io l. R eac tio n  m ix tu res  w ere i n i t i a l l y  0 .25  M 
in  TPP, 0 .2 5  M in  donor and c a . 0 .0 1  M in  AIBN; th e  s p e c i f i c  
a c t i v i t y  o f  th e  th i o l  used was 10^^ - 10^^ d is in te g r a t io n s  min ^
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mol ^ (dpm /m ol). The k in e t i c  runs were c a r r ie d  o u t in  s e a le d  g la s s  
am poules, sam ples b e in g  deg assed , se a le d  and r e a c te d  by th e  p ro ce ­
dures o u tl in e d  in  co n n ec tio n  w ith  th e  c o m p e titiv e  m ethod. The 
ampoules were w ithdraw n from th e  80.0®C th e rm o s ta te d  b a th  a t  p re ­
s e le c te d  tim e in t e r v a l s  (10  -  70  m in ), were quenched by b e in g  d ipped 
in to  an  ic e  b a th ,  were k ep t in  co ld  s to ra g e ,  and were opened J u s t  
p r io r  to  gas-ch rom atog raph ic  d e te rm in a tio n  o f  cyclohexane c o n te n t .  
Fo llow ing  th e  cyclohexane a n a ly s is  (s e e  A n a ly t ic a l ) ,  th e  re a c te d  
sam ples were worked up e s s e n t i a l ly  in  th e  manner d e sc r ib e d  fo r  th e  
c o m p e titiv e  m ethod. The reco v ered  donor was s e p a ra te d  from th e  r e ­
m aining s o lv e n t and t r a c e  im p u r it ie s  by g lc ,  and f i n a l l y  th e  donor 
was ra d io a ssa y e d .
I I I .  ANALYTICAL
A. GENERAL
1 .  Gas C hrom atographic A nalvses 
A G low all Model 320 gas chrom atograph equipped w ith  two ovens 
fo r  independen t g la s s  colum ns, flam e io n iz a t io n  d e te c to r  and V arian  
Model G-2000 in te g r a t in g  re c o rd e r  was used to  conduct p roduct 
s tu d ie s ,  to  d e term ine  cyclohexane (s ta n d a rd  r e a c t io n  m ethod), and 
to  perform  a n a ly se s  whenever h ig h  s e n s i t i v i t y  was re q u ire d  in  a gas 
chrom atographic a p p l ic a t io n .  In  a l l  c a s e s ,  q u a n t i t a t iv e  d e te rm in a­
t io n  o f th e  sample com ponent(s) was made by com paring th e  peak a re a  
o b ta in ed  when a known volume o f  sample was in je c te d  w ith  th e  a re a  
o b ta in ed  when a  s ta n d a rd  s o lu t io n  o f th e  sample component o f  in ­
t e r e s t  in  a s u i ta b le  s o lv e n t was in j e c te d .  The sample and s tan d ard
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were in je c te d  u s in g  H am ilton m lc r o l i t e r  s y r in g e s ;  low (80°C) i n ­
j e c t io n  p o r t  tem p era tu res  were found to  be n ecessa ry  to  keep f u r th e r  
r e a c t io n  from o c c u rr in g  d u rin g  th e  a n a ly se s  o f  cyclohexane when th e  
s ta n d a rd  r e a c t io n  method was u sed . Four columns w ere used in  th i s  
gas chrom atograph; Chromosorb-W, a c id  washed, was th e  s o l id  su p p o rt 
o n to  which th e  l iq u id  phases were c o a te d . The columns and th e  codes 
used in  r e f e r r in g  to  them a r e ;  Column A, 2 f t  x 5 mm, 15$ Carbowax 
20 M; Column B, 4 f t  x 5 mm, 8$ Carbowax 20 M; Column C, 6 f t  x 9 mm, 
15$ Carbowax 20 M; Column D, 6 f t  x 5 mm, 15$ SE-50 .
2 . N uclear M agnetic Resonance S p ec tra  
N uclear m agnetic resonance s p e c tra  were reco rd ed  and i n t e ­
g ra te d  by means o f  a V arian  A-60A nmr sp e c tro m e te r . T e tram e th y l-  
s i l a n e  was th e  in t e r n a l  r e fe re n c e  i n  15$ (w/w) s o lu t io n s  o f  th e  sub­
s ta n c e  in  carbon  te t r a c h lo r id e .
5 . M isce llaneous 
C arbon-hydrogen a n a ly se s  were done in  t h i s  departm ent by Mr.
R. Seab u s in g  a Model 55 Coleman Carbon-Hydrogen A n aly ze r. In f r a r e d  
s p e c tra  were reco rd ed  by means o f e i t h e r  a  Beckman IR -7 o r P e rk in -  
Elmer In f ra c o rd  sp e c tro m e te r . Model I 57 . A Thomas-Hoover c a p i l l a r y  
m e ltin g  p o in t ap p a ra tu s  was used to  o b ta in  u n co rrec ted  m e ltin g  p o in t s .
B. DETERMINATION OF ACTIVITIES OF TRITIUM-LABELED COMPOUNDS 
T ritiu m  atbms d is in te g r a te  by em issio n  o f b e ta  p a r t i c l e s  
th a t  have a spectrum  o f  k in e t ic  e n e rg ie s  (eq  6 ) .  The h a l f - l i f e  
o f  th i s  decay , a s t r i c t l y  f i r s t - o r d e r  p ro c e s s , i s  12 .262  y e a r .5*
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T r i tiu m  ra d io a s s a y  i s  somewhat d i f f i c u l t  because o f  th e  v ery  low 
e n e rg ie s  o f  th e  b e ta  p a r t i c l e s ;  Emax “  0 .018  Mev.®® I t  i s  th e r e ­
fo re  n ece ssa ry  to  apply  s p e c ia l  d e te c t in g  and m easuring  tech n iq u es  
such as th e  use o f  u ltra th in -w in d o w  d e te c to r s ,  th e  placem ent o f  
th e  r a d io a c t iv e  sample in s id e  th e  d e te c to r  ("w indow less ty p e” ) 
o r th e  adm ix ture o f  th e  sample w ith  th e  d e te c t in g  medium to  p ro ­
v ide  fo r  in t im a te  c o n ta c t ,  a s  in  l iq u id  s c i n t i l l a t i o n .  We made 
use o f  two d i f f e r e n t  t r i t iu m  ra d io a ss a y  p ro ced u re s : g as-flo w
p ro p o r tio n a l co u n tin g  and l iq u id  s c i n t i l l a t i o n  co u n tin g . The 
m ethodology o f  p ro p o r tio n a l d e te c t io n  and co u n tin g  w i l l  be con­
s id e re d  f i r s t ;  th e n , l iq u id  s c i n t i l l a t i o n  methods w i l l  be tak en  
up.
1 .  Gas-Flow P ro p o r tio n a l C ounting 
S ev e ra l d e te c to r  ty p es  ta k e  advan tage o f  th e  io n iz in g  e f f e c t  
o f  r a d ia t io n  on g a se s . As an e n e rg e t ic  e le c t r o n ,  such as a b e ta  
p a r t i c l e ,  t r a v e r s e s  a g a s , i t s  e l e c t r o s t a t i c  f i e l d  w i l l  d is lo d g e  
e le c tro n s  from atoms s u f f i c i e n t ly  c lo se  to  i t s  p a th .  I n  each  c a s e , 
a "prim ary  io n  p a ir"  i s  form ed, com prising  a n e g a tiv e  e and a 
m assive p o s i t iv e  io n . The io n  p a i r s  produced in  t h i s  fa sh io n  can 
be s e p a ra te ly  c o l le c te d  when a p o te n t ia l  g ra d ie n t  i s  a p p lie d  b e­
tween th e  two e le c tro d e s  in  a g a s - f i l l e d  d isc h a rg e  cham ber. The 
p o s i t iv e  io n s  move s lu g g ish ly  toward th e  cathode and th e  e le c tro n s  
move r a p id ly  to  th e  anode g e n e ra tin g  a  c u r re n t  p u lse  upon a r r i v a l .
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A t h igh  p o te n t ia l  g r a d ie n ts ,  th e  p rim ary  e le c tro n s  w i l l  be 
g r e a t ly  a c c e le r a te d ;  t h i s  w i l l  r e s u l t  In  th e  Io n iz a t io n  o f  gas 
atoms o r m olecu les In  th e  cham ber. The secondary  Ion  p a i r s  so 
formed a re  in  tu r n  a c c e le r a te d ,  th e re b y  p roducing  s t i l l  f u r th e r  
I o n iz a t io n .  T hus, th e  few prim ary  Ion  p a i r s  formed per b e ta  
p a r t i c l e  o r ig in a te  an avalanche  o f  Ions moving tow ard th e  cham­
b e r ’ s e le c t r o d e s .  The p ro cess  d e sc r ib e d  I s  known as "gas a m p lif i ­
cation"®® and as a consequence o f I t ,  a very  la rg e  number o f  e l e c ­
t r o n s ,  a l l  d e riv e d  from a s in g le  b e ta  p a r t i c l e ,  a re  c o l le c te d  a t  
th e  anode w ith in  a  m icrosecond o r l e s s .  A s tro n g  c u r re n t  p u lse  
I s  formed and fed in to  an e x te rn a l  c i r c u i t  f o r  a m p lif ic a t io n  and 
m easurem ent.5b xhe I n te r v a l  d u rin g  which Ion  p a i r s  from a p re ­
v ious io n iz a t io n  ev en t a r e  b e in g  c o l le c te d ,  re n d e r in g  th e  chamber 
un resp o n siv e  to  a  new io n iz in g  (P ) p a r t i c l e  I s  r e f e r r e d  to  as 
"dead" o r  " re so lv in g "  tlme.®®’®̂
When an e le c t ro n  combines w ith  an  helium  o r a rgon  c a t io n  
re a c h in g  th e  ca th o d e , an  e x c i te d  atom r e s u l t s ,  which em its  th e  
su rp lu s  energy  as  a quantum o f  e le c tro m a g n e tic  r a d ia t io n  and r e ­
la x e s  to  th e  ground s t a t e . S i n c e  th e  noble gases  p o ssess  ex ­
trem ely  h ig h  io n iz a t io n  e n e rg ie s ,  th e  photon e m itte d  upon d l s -  
+ +charge o f  Me o r  Ar a t  th e  cathode co rresponds to  u l t r a v i o l e t ,  
o r s o f t  x - r a d ia t lo n ,  capab le  o f  cau sin g  p h o to io n lz a tlo n .^ d  T his 
would le ad  to  a  s e l f - p e r p e tu a t in g  d is c h a rg e ; In  o rd e r  to  e l im in a te  
such co m p lic a tio n , a "co u n tin g "  o r "quenching" g a s , u s u a lly  methane 
o r p ropane, i s  mixed w ith  th e  noble g a s . Under th e se  c o n d it io n s ,  
c o l l i s i o n a l  t r a n s f e r  o f  e le c tro n s  from o rg a n ic  m olecu les to  nob le
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gas c a t io n s  r e s u l t s  In  quenching o f  th e  l a t t e r ,  and o n ly  o rg an ic  
c a t io n s  reac h  th e  ca th o d e . The o rg a n ic  c a t lo n - e le c t r o n  recom­
b in a t io n  produces now a polyatom ic e x c i te d  m olecule th a t  d i s s i ­
p a te s  I t s  excess energy by d is s o c ia t in g  In to  r a d ic a l s  r a th e r  th a n  
by em ission  o f  e le c tro m a g n e tic  r a d ia tio n .®  The r e l a t i v e l y  la rg e  
o rg a n ic  m olecu les a re  cap ab le  o f  f r e e - e le c t r o n  c a p tu re  to  a 
g r e a te r  e x te n t  th a n  He o r  Ne, and In  g e n e ra l they  r e q u ir e  h ig h e r 
v o lta g e s  th a n  th e  noble gases o r  n itro g e n  to  y ie ld  s im ila r  s e ­
condary io n iz a tio n .® *
By p roper cho ice  o f  th e  p o te n t ia l  g ra d ie n t between th e  e l e c ­
t r o d e s ,  I t  I s  p o s s ib le  to  o p e ra te  a  d isc h a rg e  chamber In  th e  
" p ro p o r tio n a l  re g io n " . In  t h i s  r e g io n  p ro p o r t io n a l i ty  I s  ob­
served  betw een th e  charge c o l le c te d  and e x te n t  o f  th e  I n i t i a l  
. Io n iz a tio n .® * /?  We used a model # .9 8  gas radiochrom atography 
co u n tin g  system  from N uclear Chicago equipped w ith  a  d i g i t a l  
in te g r a to r  and coupled to  a  V arian  A erograph model 200 gas ch ro ­
m atograph; th e  coun ting  system  com prises a g as-flo w  d e te c to r  d e­
signed  fo r  o p e ra tio n  In  th e  p ro p o r tio n a l  r e g io n . T h is  g a s -c h ro -  
m atograph-flow  co u n te r com bination  was used to  d e te c t  and m easure 
th e  s p e c i f ic  a c t i v i t i e s  o f  th e  components o f  a complex m ix tu re . 
The method Inv o lv es  s e p a ra t io n  o f  th e  components In  th e  column 
o f th e  gas chrom atograph, q u a n t i ta t io n  o f  t h e i r  m asses by therm al 
c o n d u c t iv ity ,  m ixing th e  gas chrom atographic e f f lu e n t  w ith  p re ­
h ea ted  propane, and d e te rm in a tio n  o f  t h e i r  In d iv id u a l a c t i v i t i e s  
In  th e  p ro p o r tio n a l tube a s  each component passes  th rough  th e  
d isc h a rg e  cham ber. Helium was used as th e  c a r r i e r  g a s .
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D e te c tio n  e f f ic ie n c y ,  d e fin e d  a s  th e  r a t i o  o f  coun ts  ( e l e c ­
t r i c a l  p u ls e s )  per m inute to  d is in te g r a t io n s  per m in u te , must 
be o b ta in ed  by c a l ib r a t io n  o f  th e  co u n tin g  system  w ith  a s ta n d a rd  
o f  known a c t i v i t y  b e fo re  th e  a b so lu te  s p e c i f ic  a c t i v i t y  o f  a 
sample component can be c a lc u la te d .  The e f f ic ie n c y  o f  d e te c tio n  
depends to  a la rg e  e x te n t on th e  flow  r a t e s  o f  c a r r i e r  gas (He) 
and cou n tin g  gas (propane) because th e  re s id e n c e  tim e o f  each 
component in  th e  p ro p o r tio n a l tube i s  a  fu n c tio n  o f  t o t a l  flow 
r a t e .  C onsequently , whenever th e  flow  r a t e  o f  c a r r i e r  gas has 
to  be m odified  a new c a l ib r a t io n  must be perfo rm ed . For d e t a i l s  
on th e  c a l ib r a t io n  p ro ced u re , th e  re a d e r  should  c o n s u lt  re fe re n c e s  
5 and 9* When on ly  th e  r e l a t i v e  s p e c i f i c  m olar a c t i v i t i e s  o f  two 
su b stan ces  a re  to  be m easured, c a l ib r a t io n  can be d isp en sed  w ith .
In  th e se  d e te rm in a tio n s , b o th  a b so lu te  and r e l a t i v e ,  i t  i s  com­
monly assumed th a t  coun ting  e f f ic ie n c y  i s  independen t o f  sample 
com position;® ^ th i s  i s  indeed th e  c a se , p rov ided  th e  two compounds 
compared do not d i f f e r  d r a s t i c a l l y  in  s t r u c t u r e .  For sample c a l ­
c u la t io n s  o f  r e l a t i v e  a c t i v i t i e s ,  see  Appendix C.
The a p p l i c a b i l i t y  o f  t h i s  ra d io a ssa y  p rocedure  i s  l im ite d  to  
su b stan ces  th a t  possess  low a f f i n i t i e s  f o r  e l e c t r o n s ,  t h a t  i s ,  
low " e le c t ro n  a ttachm en t"  ten d en c ie s.®  N i t r o d e r iv a t iv e s , fo r  
exam ple, th e  m olecules o f  which undergo i n e l a s t i c  c o l l i s io n s  w ith  th e  
e le c tro n s  in  th e  d isch a rg e  tu b e , canno t be counted because they  
quench th e  e l e c t r i c  d is c h a rg e . The a c t i v i t y  o f  o rg an ic  h a l id e s  
cannot be o b ta in ed  by th i s  procedure e i t h e r ,  because o f  bo th  
a f f i n i t y  fo r  e le c tro n s  and chem ical a t t a c k  on th e  d isc h a rg e
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cham ber's walls.®®
C ounting o f  t h i o l s  I s  ren d ered  d i f f i c u l t  by th e  l a b i l i t y  to  
exchange o f  th e  S-H* bond^°® and . In  th e  case  o f  a h ig h ly  a c t iv e  
sam ple, by th e  occu rren ce  o f  s u b s t a n t i a l  " c o in c id en ce  lo s s e s " .
The e x p re s s io n  "c o in c id en ce  lo s s "  r e f e r s  to  a  d e c re a se  In  de­
t e c t io n  e f f ic ie n c y  w ith  In c re a s in g  sample a c t i v i t y ,  which can be 
r e la te d  to  th e  d e t e c to r 's  dead time,®® A lthough p ro p o r tio n a l  
c o u n te rs  have r e l a t i v e l y  s h o r t  r e s o lv in g  ("d ead ") tim es (~  10 p> 
s e c ) ,  s ig n i f i c a n t  co u n tin g  lo s s e s  a re  observed  fo r  sam ples th a t  have 
a c t i v i t i e s  exceed ing  about 10® dpm.®®*®^
Most o f  th e  sam ples en coun tered  In  t h i s  work w ere r a d io -  
assayed  by l iq u id  s c i n t i l l a t i o n  ( s e e  below) w ith  flo w -co u n tin g  
be in g  used m ain ly  as a check on th e  r e s u l t s  o b ta in e d  by th e  form er 
m ethod. For a com parison o f  r e s u l t s  o b ta in e d  by a p p ly in g  th e  two 
a l t e r n a t iv e  ra d io a ssa y  p rocedu res to  th e  same sam ples, see  App. D. 
A bso lu te  a c t i v i t i e s  could  a l t e r n a t iv e ly  be determ ined  by q u a n t i­
t a t i v e l y  c o l le c t in g  each s e p a ra te  sample component as I t  Is su e d  
from th e  therm al c o n d u c tiv ity  c e l l  o f  th e  gas chrom atograph and 
th e n  ra d lo a ssa y ln g  I t  by l iq u id  s c i n t i l l a t i o n  In  a Packard T r i -  
Carb L iq u id  S c i n t i l l a t i o n  S p ec tro m ete r. S ince  e f f i c i e n t  c o l le c ­
t io n  I s  as  Im portan t a f e a tu r e  o f  th e  p rocedure  as th e  ra d io a s sa y  
p ro p e r , we w i l l  d is c u s s  tra p p in g  In  a  s e p a ra te  s e c t io n .
2 . L iqu id  S c i n t i l l a t i o n  C ounting
a .  The S c i n t i l l a t i o n  P ro c e s s . S c i n t i l l a t i o n  d e te c t io n  I s  
based on th e  energy  t r a n s f e r  from r a d ia t io n  to  su b stan ces  known as
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" f lu o r s "  o r s c i n t i l l a t o r s . E le c tro n ic  e x c i ta t io n  o f  th e  
f lu o r  le ad s  to  em ission  o f  l i g h t  ( s c i n t i l l a t i o n ) ;  a  p h o to m u ltip lie r  
tu b e , o p t i c a l l y  coupled w ith  th e  system , c o n v e rts  th e  l i g h t  photons 
in to  a p h o to e le c tro n  p u ls e ,  th e  m agnitude o f  which i s  p ro p o r tio n a l 
to  th e  energy  expended by th e  r a d ia t io n  in  e x c i ta t io n  o f  th e  f lu o r .  
Thus, s c i n t i l l a t i o n  c o u n tin g , when used in  c o n ju n c tio n  w ith  p u ls e -  
s iz e  a n a ly s i s ,  a llow s d e te rm in a tio n  o f  th e  energy  d i s t r i b u t io n  o f
th e  r a d i a t i o n . 58»ec
In  l iq u id  s c i n t i l l a t i o n ,  as opposed to  s o l id  s c i n t i l l a t i o n ,  
th e  r a d io a c t iv e  sample and th e  f lu o r ( s )  a re  in t im a te ly  mixed in  a 
homogeneous medium, u s u a lly  a s o lu t io n  in  an aro m atic  hydrocarbon . 
The energy  o f  th e  g r a d ia t io n  i s  p r im a r ily  t r a n s f e r r e d  to  th e  more 
abundant s o lv e n t m o lecu le s . As a r e s u l t ,  some s o lv e n t m olecu les 
may become e l e c t r o n i c a l ly  e x c i te d ;  t h e i r  e x c i ta t io n  energy i s  
em itted  as photons ( in  th e  U.V. re g io n ) o r i s  t r a n s f e r r e d  to  f lu o r  
m o lecu le s . The e x c ite d  f lu o r  m olecu les r e tu r n  to  th e  ground s t a t e  
by e m itt in g  photons in  th e  v i s i b l e  o r  n ear U.V. re g io n  o f  th e  
spectrum , a phenomenon known as  f l u o r e s c e n c e . The f lu o re sc e n c e  
decay tim es o f  a  ty p ic a l  f lu o r  s o lu t io n  i s  o f  th e  o rd e r  o f  a  few 
n a n o s e c o n d s . l i a  T h is a llow s th e  use o f " f a s t "  a m p lif ie r s  in  
l iq u id  s c i n t i l l a t i o n  co u n tin g , av o id in g  co in c id en ce  lo s s e s  even 
a t  ex trem ely  h igh  d i s in t e g r a t i o n  r a t e s  (10^ - 10® dpm).
Q uenching. A u b iq u ito u s  problem  in  l iq u id  s c i n t i l l a t i o n  i s  
th e  e f f e c t  known as " q u e n c h i n g " . ^ ^ b , i2a  j t  has many o r ig in s ,  b u t ,  
"b ro a d ly  d e f in e d , quenching i s  any re d u c tio n  o f  e f f ic ie n c y  in  th e  
energy t r a n s f e r  p rocess  in  th e  s c i n t i l l a t i o n  s o l u t i o n " . T h e  ne t
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e f f e c t  o f  quenching i s  a  re d u c t io n  in  d e te c t io n  e f f ic ie n c y ,  and 
every  tim e a  sample i s  counted a  d e te rm in a tio n  o f  d e te c t io n  e f ­
f ic ie n c y ,  and consequen tly  o f th e  e x te n t  o f  quench ing , must be 
perform ed. L iqu id  s c i n t i l l a t i o n  sp ec tro m e te rs  a re  equipped w ith  
v a r ia b le -e n e rg y  d is c r im in a to rs  so th a t  p u lse s  e i t h e r  below th e  
minimum o r above th e  maximum energy  s e t t i n g  a r e  n o t counted.®"*
In  th e  model 3565 Packard T ri-C arb  l iq u id  s c i n t i l l a t i o n  s p e c tro ­
m e te r , which we used , co u n tin g  e f f i c i e n c i e s  w ere determ ined  by 
"A utom atic E x te rn a l S ta n d a rd iz a tio n "  (AES); th a t  i s ,  im m ediately  
a f t e r  each sample i s  counted th e  system  a u to m a tic a l ly  in tro d u c e s  
an e x te rn a l  gamma source  in to  th e  co u n tin g  cham ber, p o s it io n in g  
i t  j u s t  b e s id e  th e  sample v i a l ,  and perform s a 1 -m inute co u n t.
The spectrum  o f  Compton e le c t r o n s  g en era ted  in  th e  sample by th e  
gamma source  produces a l i g h t  o u tp u t th a t  i s  a f f e c te d  by quenching 
a g en ts  in  e s s e n t i a l ly  th e  same way as  th e  photons d e riv e d  from th e  
sam p le 's  b e ta  p a r t i c l e s , B y  a d ju s t in g  th e  in s tru m en t to  s e ­
l e c t iv e ly  reco rd  p u lses  from th e  Compton e le c t r o n  spectrum , sample 
co u n tin g  e f f i c i e n c i e s  can be re a d  from a  c a l ib r a t io n  c u rv e . The 
coun ting  e f f i c i e n c i e s  can be approxim ated by a s t r a i g h t  l i n e  over
lim ite d  e f f ic ie n c y  r a n g e s . l i e
The AES c a l ib r a t io n  curve can  be o b ta in ed  by co u n tin g  a  s e r ie s  
o f  s tan d a rd s  c e r t i f i e d  to  c o n ta in  th e  same a c t i v i t y  ( d i s in t e g r a ­
t io n s  per m in u te , u s u a lly  added as t r i t iu m - la b e le d  to lu e n e )  bu t 
v a ry in g  amounts o f  a  quenching a g e n t. From th e  known a c t i v i t y  
o f  th e  quenched s tan d a rd s  ( d is in te g r a t io n s  per m inute = dpm) and 
th e  in d iv id u a l ly  measured count r a t e  (co u n ts  per m inu te  = cpm).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
th e  e f f ic ie n c y  o f  each quenched s ta n d a rd  can be a r r iv e d  a t  by sub­
s t i t u t i o n  in to  th e  e q u a tio n  ^  e f f  = x 100 . T h is  e f f ic ie n c y  
v a lu e  and co rrespond ing  AES count r a t e  (cpm r e g is te r e d  i n  AES 
c h a n n e l) , fo r  a p a r t i c u la r  s ta n d a rd  d e f in e  a  p o in t in  th e  c a l i ­
b r a t io n  p lo t  o f  e f f ic ie n c y  vs AES channel coun t r a t e .  In  our 
work, s ix  v a r ia b ly  quenched t r i t i u m  s tan d a rd s  and one unquenched 
s ta n d a rd  ( a l l  from th e  Packard In s tru m en t Company) were coun ted ; 
th e  s ta n d a rd s ' d e te c t io n  e f f i c i e n c i e s  ranged  in  a l l  cases  from 1 
to  38^* S ince th e  sam ples assayed  always d isp la y e d  e f f i c i e n c i e s  
h ig h e r  th a n  13# , on ly  th e  r e s u l t s  -  p o in ts  - fo r  th e  4 o r  3 l e a s t  
quenched s ta n d a rd s  were c u s to m a rily  used to  c a lc u la te  c a l ib r a t io n  
cu rves by perform ing  a l in e a r  le a s t - s q u a re s  a n a ly s is  o f  th e  d a ta .  
The r e s u l t s  o b ta in ed  from a  ty p ic a l  c a l ib r a t io n  a re  shown in  
T ab le  1.
I t  has been shown by o th e rs  th a t  m ost chem ical quenching 
ag en ts  p o sse ss  s im ila r  e f f e c t s  on co u n tin g  e f f ic ie n c y  and th a t  
p o in ts  o b ta in ed  from s ta n d a rd s  c o n ta in in g  d i f f e r e n t  quenching 
ag en ts  f a l l  on th e  same c a l ib r a t io n  c u r v e . F u r t h e r m o r e ,  de­
crem ents in  d e te c tio n  e f f ic ie n c y  caused by c o lo re d  sam ples 
( " c o lo r  quenching") have been a c c u ra te ly  e s tim a te d  from c a l ib r a ­
tio n s  based on chem ica lly  quenched s t a n d a r d s . F o r  th e  s tro n g ­
ly  quenching £ -n it ro e th y lb e n z e n e , £ -n itrocum ene and £ -b ro m o eth y l- 
benzene, s e r ie s  o f  quenched s ta n d a rd s  c o n ta in in g  0 , 4 ,  8 , 1 2 , and 
16  \iJl> o f each chem ical and 16 ,000  dpm o f la b e le d  to lu e n e  were 
p repared  and coun ted . The r e s u l t s  w ere used to  c a lc u la te  l in e a r  
c a l ib r a t io n  cu rves which d id  no t d i f f e r  much from th e  curve
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T a b le  1. D ata fo r  d e te c t io n  e f f ic ie n c y  c a l ib r a t io n  o f  May I j ,
1 9 7 5 .
Standard*
dpm
s S ta n d a rd 's  
cpm




65,465 20,757 51.677 474,861
659,000 191,083 28.996 449,872
659,000 128,388 19.482 527,450
659,000 90,271 13.698 232,895
R e su lta n t L e a s t Squares E quation :
E f f ic ie n c y  (^ )  = (7 .4 0 3  x 10 ■S)AES - 4 .022
S tandard  d e v ia tio n s  : 0 .0039 X 10"5 ( s lo p e ) , 0 .3 8  ( in t e r
Example:
Sample a c t i v i t y  = 16 ,240 cpm 
Sample AES = 451,210 cpm
D e te c tio n  e f f ic ie n c y  (^ ) = 29.38
Sam ple 's g ro ss a c t i v i t y  = 1 6 ,2 4 0 /0 .2 9 3 8  = 55,275 dpm
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o b ta in ed  by u s in g  th e  s e t  o f  s ta n d a rd s  from P ackard . For exam ple, 
th e  a c t i v i t i e s  c a lc u la te d  fo r  a p a r t i c u la r  sample o f  £ - n i t r o e th y l -  
benzene using  th e  a l t e r n a t iv e  c a l ib r a t io n s  d i f f e r e d  on ly  by a  f a c ­
to r  o f  1 .0 2 4 . S im ila r  r e s u l t s  were o b ta in ed  fo r  £ -n itrocum ene and 
£-brom oethylbenzene and in  a l l  cases  th e  c o r re c t io n s  were found to  
be o f  th e  same o rd e r o f  m agnitude a s ,  o r sm a lle r  th a n , th e  v a r ia ­
tio n s  in tro d u ced  in  th e  a c t i v i t y  d e te rm in a tio n s  by o th e r  sou rces 
o f  e r r o r ;  see  Appendix .
C o rre c tio n s  fo r  background were made by s u b tr a c t in g  th e  dpm 
o f  a v i a l  c o n ta in in g  o n ly  perm afluor s o lu t io n  from th e  sam p le 's  
g ro ss  dpm, th e re b y  th e  " n e t"  a c t i v i t y  was o b ta in e d . Each sample 
was counted fo r  a  time p erio d  s u f f i c i e n t  to  c o l l e c t  a t  l e a s t  
10,000  co u n ts ; a d d i t io n a l ly ,  each sample was counted a t  l e a s t  
th re e  tim es to  fu r th e r  reduce random e r r o r s .
c .  C ou n ting  o f  t r i t iu m - la b e le d  t h i o l s . L iq u id  s c i n t i l l a t i o n  
c o u n tin g  o f  t h i o l s  p r e s e n ts  p ro b lem s. I f  a  to lu e n e -b a s e d  f lu o r  
s o lu t io n  (P erm a flu o r) i s  u sed  and no s p e c i a l  p r e c a u t io n s  a r e  
ta k e n , a s i g n i f i c a n t  d e c r e a s e  (up t o  50#J i n  co u n t r a t e ,  w ith o u t  
change in  d e t e c t io n  e f f i c i e n c y ,  i s  o b serv ed  when r e p e t i t i v e  
co u n ts  a r e  perform ed o v er  a lo n g  p e r io d  o f  tim e.^ °®  K.G. Kneipp  
a scerta in ed ^ ® ^  th a t  th e  i n i t i a l  cou n t r a t e  y ie ld e d  th e  tr u e  a c ­
t i v i t y  and a l s o  th a t  no d e c r e a s e  in  cou n t r a t e  o cc u r s  i f ;
(a ) oxygen i s  excluded from th e  coun ting  sample when Perm afluor 
i s  u sed , o r  (b ) a l iq u id  s c i n t i l l a t i o n  s o lu t io n  recommended fo r  
t r i t i a t e d  w ater ra d io a ssa y  ("A quasol" from New England N uclear) 
i s  u sed , even in  th e  p resence  o f  oxygen. However, no
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e x p la n a tio n  was pu t forward,^®® The above r e s u l t s  can  be t e n t a ­
t i v e ly  a s c r ib e d  to  (a )  p a r t i a l  o x id a tio n  o f  t h i o l  to  d i s u l f id e  
(eq 7 ) w ith  co n cu rren t t r a n s f e r  o f  a c t i v i t y  to  th e  w a te r m o lecu le s ,
2RSH* + O2 RSSR + (7 )
fo llow ed by (b) a d so rp tio n  o f  th e  h ig h ly  p o la r  w a te r m olecu les on 
th e  in s id e  o f  th e  w a ll o f  th e  p o la r  g la s s  v i a l  when th e  s o lu t i o n 's  
main component i s  a hydrophobic s o lv e n t such as  th e  to lu e n e  in  
P e rm aflu o r. T h is  le ad s  to  a d ec re ase  in  count r a t e ,  sim ply  b e ­
cause th e  b e ta  p a r t i c l e s  em itte d  tow ard th e  w a ll by th e  adsorbed  
t r i t iu m  atoms cannot t r a n s f e r  some o f  t h e i r  energy  to  th e  f lu o r  
v ia  i n i t i a l  e x c i ta t io n  o f  so lv e n t m o lecu le s . A d so rp tio n  o f  p o la r  
m olecu les on th e  v i a l ' s  w a ll w ith  concom itan t lo s s  o f  coun ts  has 
been reco g n ized  p re v io u s ly  in  th e  l i t e r a t u r e , R e a c t i o n  7 
has been documented as w e l l .^ ^
D ete rm in a tio n  o f  th e  s p e c i f i c  a c t i v i t y  o f  t r i t i a t e d  t h i o l s  
was accom plished by adding  abou t 100 mg o f  t h i o l  to  each o f  two 
ta r e d ,  50 ml v o lu m e tric  f la s k s  which co n ta in ed  a few ml o f  de­
oxygenated to lu e n e  and by then  w eighing th e  f la s k s  a g a in  and d i ­
lu t in g  to  th e  mark w ith  th e  same s o lv e n t .  T hree 1-m l a l iq u o ts  
were w ithdraw n from each f l a s k ,  added to  coun tin g  v i a l s  c o n ta in in g  
15 ml o f  deoxygenated P erm afluor cou n tin g  s o lu t io n  and q u ic k ly  
s to p p e re d . The to lu e n e  and th e  P erm afluor s o lu t io n  w ere deoxy­
genated  by bubb ling  n itro g e n  th rough  them fo r  a few m in u te s . The 
a c t i v i t y  was m easured in  a Packard  L iqu id  S c i n t i l l a t i o n
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S pectrom eter as o u tl in e d  p re v io u s ly .
d . T rap p in g . In d iv id u a l  tra p p in g  o f  sample components was 
ach ieved  by d e l iv e ry  o f  th e  h o t gas chrom atograph ic e f f lu e n t  as 
a  s tream  o f  f in e  bubbles In to  1$ ml o f  a to lu e n e -b a se d  s o lu t io n  
o f  s c i n t i l l a t i o n  f lu o r s  (P a c k a rd 's  "P erm afluo r")»  th e  to lu en e  
s o lu t io n  was co n ta in ed  In  a 20-ml low -potasslum  v i a l  th a t  could  
be s to p p ered  and taken  to  th e  l iq u id  s c i n t i l l a t i o n  sp ec tro m e te r 
fo r  ra d io a s s a y . The gas chrom atographic e f f lu e n t  was le d  In to  
th e  co u n tin g  v i a l  by means o f  a s h o r t ,  L -shaped p ie c e  o f  g la s s  
tu b in g  (5 mm ID ) . T h is  g la s s  d e l iv e ry  tu b e  had a  ta p e re d  t i p  
th a t  was alm ost In  c o n ta c t w ith  th e  v i a l  bo ttom ; th e  o th e r  end 
o f  th e  tube was connected  to  th e  therm al c o n d u c tiv ity  d e te c to r  
o u t l e t  th rough  a  h o le  In  a  s i l i c o n e  rub b er septum  t i g h t l y  f i t t e d  
to  th e  o u t l e t .
The th e rm al c o n d u c tiv ity  d e t e c to r 's  oven te m p era tu re  was 
norm ally  s e t  between 175 and 225°C, and I t  was e s s e n t i a l l y  th e  
same as th e  tem p era tu re  o f  th e  gases  re a c h in g  th e  I n l e t  o f  th e  
d e l iv e ry  tu b e , H lg h -b o llln g  m a te r ia ls  u s u a lly  condensed on th e  
in n e r  w a lls  o f  th e  gas d e l iv e ry  tu b e , making I t  n ece ssa ry  to  wash 
them in to  th e  v i a l  c o n ta in in g  th e  l iq u id  s c i n t i l l a t i o n  s o lu t io n .  
Q u a n ti ta t iv e  tra p p in g  was c o n s is te n t ly  achieved  (se e  Appendix F ) .
P r io r  to  I n je c t io n  o f  th e  sam ple, I 5 ml o f  P erm afluor would 
be added to  each  o f th e  low -potasslum  v ia l s  re q u ire d  In  th e  a s s a y , 
and th e  v ia l s  th e n  provided  w ith  In d iv id u a l gas d e l iv e ry  tu b e s ; 
o n ly  t h e i r  ta p e re d  ends were immersed in  th e  s o lu t io n .  When I t  
was decided  to  s t a r t  c o l le c t in g  th e  e f f l u e n t ,  th e  t r a p  (d e l iv e ry
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tu b e  p lu s  v i a l  c o n ta in in g  th e  s o l u t io n )  w ould q u ic k ly  be m aneuvered  
in t o  p o s i t io n  and th e  i n l e t  o f  th e  d e l iv e r y  tu b e  pushed through  
th e  septum  a t  th e  gas chrom atograph o u t l e t .  To te r m in a te  c o l l e c ­
t i o n ,  th e  d e l iv e r y  tu b e  w ould be p u l le d  o u t o f  th e  septum .
e .  E f f e c t  o f  R a d io ch em ica l I m p u r i t i e s . At l e a s t  th r e e  f r a c t io n s  
m ust b e c o l l e c t e d  to  a s s e s s  a com p on en t's  a c t i v i t y :  one co m p ris in g
th e  com ponent i t s e l f ,  w ith  c o l l e c t i o n  s t a r t i n g  a t  th e  le a d in g  ed g e  
o f  th e  peak and en d in g  a s  so o n  as th e  th erm al c o n d u c t iv i t y  r e ­
co rd er  pen r e a c h e s  th e  b a se  l i n e  a g a in ,  and two more c o l l e c t e d  
s h o r t ly  b e fo r e  and s h o r t ly  a f t e r  th e  p ea k . From th e  n e t  d i s i n t e ­
g r a t io n  r a t e s  (s a m p le 's  dpm m inus background dpm) o f  th e  f i r s t  and 
t h ir d  f r a c t i o n s ,  one can  e s t im a te  th e  f r a c t io n  o f  th e  com pon en t's  
g r o s s  a c t i v i t y  (dpm) c o n tr ib u te d  by t r a c e s  o f  r a d io c h e m ic a l . im­
p u r i t i e s  th a t  m igh t h ave b een  c o l l e c t e d  a lo n g  w ith  th e  com ponent.
T h is  " ap p aren t background" can  be o b ta in e d  by c a l c u l a t i n g  (a )  th e  
n et d i s i n t e g r a t i o n  r a t e s  per m in ute o f  c o l l e c t i o n  tim e fo r  th e  
le a d in g  and t r a i l i n g  f r a c t io n s  (d p m /m in), (b )  th e  a v er a g e  o f  th e  
a b o v e , and ( c )  th e  p rod u ct o f  su ch  a v e r a g e  by th e  le n g th  o f  th e  
sam ple peak c o u n tin g  p e r io d  ( “ ^  x  m in = dpm ). To p ut i t  d i f ­
f e r e n t l y ,  i t  was assumed th a t  th e  g a s chrom atograph e f f l u e n t  co n ­
ta in e d ,  in  a d d it io n  t o  th e  sam ple com ponent, t r a c e  im p u r it ie s  
th a t  c o n tr ib u te d  a c o n s ta n t  a c t i v i t y  (dpm) per u n i t  volum e o f  
e f f l u e n t  g a s .  T h is  a c t i v i t y  per u n it  volum e was e s t im a te d  from  
th e  e x p e r im e n ta lly  d eterm in ed  d i s i n t e g r a t i o n  r a t e s  o f  th e  le a d in g  
and t r a i l i n g  f r a c t io n s  and t h e i r  c o l l e c t i o n  t im e s ,  w hich  a r e  p ro ­
p o r t io n a l  to  e f f l u e n t  v o lu m es; fo r  a  t y p i c a l  c a l c u l a t i o n  in v o lv in g
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e x p e r im e n ta l d a ta ,  s e e  A ppendix G. I n  e s s e n c e ,  t h i s  c o r r e c t io n  
p roced u re i s  e q u iv a le n t  t o  th e  w e l l  e s t a b l i s h e d  m eth od o logy  fo r  
e s t im a t in g  tr u e  sam ple a c t i v i t i e s  in  dynamic f lo w  c o u n tin g  in  
w hich d is c h a r g e  chambers a r e  used .^®
The " ap p aren t background" f i n a l l y  a r r iv e d  a t  was s u b tr a c te d  
from th e  n e t  sam ple peak d is i n t e g r a t i o n  r a t e  to  y i e l d  a n e t ,  
c o r r e c te d  a c t i v i t y .  T h is  c o r r e c t io n  was u s u a l ly  a s m a ll o n e ,  
am ounting to  1 -3 #  o f  th e  raw a c t i v i t y ,  and s in c e  v a lu e s  o b ta in e d  
by u s in g  d i f f e r e n t  colum ns o r  f lo w -c o u n t in g  a greed  w e l l  w ith  such  
n e t ,  c o r r e c te d  a c t i v i t i e s ,  we f e e l  th a t  th e  c o r r e c t io n  i s  j u s t i f i e d .
f . L iq u id  S c i n t i l l a t i o n  v s . F low  C o u n tin g . I n  c l o s i n g ,  l i q u i d  
s c i n t i l l a t i o n  and flo w  c o u n tin g  w ere found t o  com plem ent each  
o t h e r .  A lth ou gh  th e  p rocedu re d e v is e d  t o  c o l l e c t  sam p les fo r  
l iq u id  s c i n t i l l a t i o n  r a d io a s s a y  i s  cum bersom e, th e  method i s  more 
g e n e r a l than  flo w  c o u n t in g , f o r  i t  was p o s s ib le  to  a p p ly  l iq u id  
s c i n t i l l a t i o n  to  n i t r o d e r i v a t i v e s ,  o r g a n ic  h a l i d e s ,  t h i o l s  p o s­
s e s s in g  e x c e e d in g ly  h ig h  s p e c i f i c  a c t i v i t i e s  (10^^ dpm per m ol) 
w ith  no c o in c id e n c e  l o s s ,  s o l i d s ,  h ig h - b o i l in g  l i q u id s  and lo w -  
s p e c i f i c  a c t i v i t y  sa m p les . I t  m ust be n o ted  th a t  c o u n tin g  tim es  
a re  not l im it e d  in  l iq u id  s c i n t i l l a t i o n  c o u n tin g ;  and i n  g e n e r a l  
enough co u n ts  can  e v e n t u a l ly  b e c o l l e c t e d  to  red u ce  th e  random 
e r r o r  to  a s u i t a b l e  l e v e l .
O ther I n v e s t i g a t o r s h a v e  b een  u n a b le  t o  r a d io a s s a y  t r i t iu m -  
la b e le d  n it r o  d e r iv a t iv e s  by l i q u i d  s c i n t i l l a t i o n  ow ing to  e x c e s s iv e  
q uench in g  by th e  sam ple i t s e l f  (c h e m ic a l q u e n c h in g ). T h is  ty p e  
o f  q u en ch in g , h ow ever, i s  c o n c e n tr a t io n  dependent^^»^^^ , and th e
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f a i l u r e  m ust he a t t r ib u t e d  to  th e  need fo r  in c o r p o r a t io n  o f  r e l a ­
t i v e l y  la r g e  amounts o f  n i t r o  d e r iv a t iv e  in t o  th e  c o u n tin g  v i a l  
on a cco u n t o f  th e  sa m p le 's  low  s p e c i f i c  a c t i v i t y .
On th e  o th e r  hand, an  a d v a n ta g e  o f  f lo w  c o u n tin g  l i e s  i n  th e  
p o s s i b i l i t y  o f  d e t e c t in g  in h o m o g en e ity  in  a sy m m etr ica l peak b eca u se  
th e  in t e g r a te d  cou n t from th e  le a d in g  h a l f  o f  th e  peak sh o u ld  eq u a l  
th e  t o t a l  number o f  co u n ts  c o l l e c t e d  from th e  t r a i l i n g  h a l f  in  an  
homogeneous p eak . The method i s  a l s o  a d van tageou s on  a cco u n t o f  
th e  c o n tin u o u s  a c t i v i t y  reco rd  i t  p r o v id e s  fo r  a l l  sam ple com ponents 
and im p u r it ie s ;  i t  re n d er s  p o s s ib le  th e  d e t e c t io n  o f  m in ute amounts 
o f  r a d io c h e m ic a l im p u r it ie s  w hich  a r e  n o t shown by th e  g a s chrom ato­
graph r e c o r d e r 's  t r a c e .  F i n a l l y ,  "background" c o r r e c t io n s  can  
e a s i l y  be c a lc u la t e d  from th e  c o u n tin g  r a t e s  p r e v a i l in g  b e fo r e  and 
a f t e r  each  component i s  cou n ted  and from th e  le n g th  o f  th e  sam ple  
co u n tin g  period .® ®
IV . CONTROL EXFERIMBNIS
A . EFFECT OF SAMPLE WORK-UP PROCEDURE ON TRITIUM-LABELED 
TRIPHENYLMETHANE
T r it iu m - la b e le d  tr ip h e n y lm e th a n e ,  r e c o v e r e d  from  k i n e t i c  r u n s ,  
was c a r e f u l ly  r e c r y s t a l l i z e d  from e th a n o l u n t i l  c o n s ta n t  a c t i v i t y  
was a c h ie v e d  ( 6 .8  x  10® d p m /m ole), was m ixed w ith  n o n -r a d io a c t iv e  
c y c lo h e x a n e t h io l  and was s u b je c te d  t o  th e  sta n d a rd  i s o l a t i o n  p ro­
ced u re  (p a g e  6 6 ) .  A f te r  p u r i f i c a t i o n  by r e c r y s t a l l i z a t i o n ,  i t s  
a c t i v i t y  was red e term in ed  by l iq u id  s c i n t i l l a t i o n  c o u n t in g , and was 
found to  have rem ained e s s e n t i a l l y  unchanged ( 6 .7  x  10® d pm /m ole).
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B. DECOMPOSITION OF ÂIBN IN NEAT CUMENE
A z o b ls ls o b u ty ro n l tr l le  ( 6.028  mg, 5*7 x 10  ^ m ole) was weighed 
in to  a 2 ml v o lu m etric  f l a s k  and d i lu te d  w ith  cumene to  th e  m ark. 
The sample was th e n  degassed  and se a le d  In  th e  u su a l way (page 6$ ) ,  
was h ea ted  a t  80.0°C  fo r  10 hours and was analyzed  by g lc  fo r  i s o -  
b u ty r o n i t r l l e  u s in g  column A a t  70°C ( s e e  E x p e rim en ta l) . A 15^ 
convers ion  in to  i s o b u ty r o n i t r i l e ,  based on AIBN, took  p la c e  because 
i s o b u ty r o n i t r i l e  c o n c e n tra tio n  a t  th e  end o f th e  r e a c t io n  was found 
to  be 1 .1  X 10 5 m o le /1 .
C. DEGRADATION OF LABELED ETHTLBENZENE
A 6 ml sample th a t  co n ta in ed  e th y lb en zen e  (0 ,5  M) and 2 , 2 -  
a z o b is i s o b u ty r o n i t r i le  (O.Ol M) in  cy c lo h e x a n e th io l ( s p e c i f i c  
a c t i v i t y  3«56 x 10^^ dpm/mole) was degassed and s e a le d  as u s u a l .
I t  was allow ed to  r e a c t  fo r  5 hours a t  80 .0°C ; upon opening th e  
ampoule, 1 .5  ml o f  co ld  c a r r i e r ,  i . e .  n o n -ra d io a c tiv e  e th y lb en ze n e , 
was added to  f a c i l i t a t e  th e  i s o l a t i o n  p ro ced u re . A f te r  norm al work­
up, th e  e th y lb en zen e  was p u r i f ie d  by tw ice  f r a c t io n a l ly  d i s t i l l i n g  
i t  and i t s  s p e c i f i c  a c t i v i t y  was measured a f t e r  each d i s t i l l a t i o n .  
S ince th e  s p e c i f i c  a c t i v i t y  o f  th e  e th y lb en zen e  sample d ecreased  
by only  abou t ( to  6 .6  x 10® dpm/mole) upon r e d i s t i l l a t i o n ,  i t  
was then  su b je c te d  to  o x id a tiv e  d e g ra d a tio n .
O x id a tio n  w ith  a lk a l in e  aqueous perm anganate was perform ed, 
fo llo w in g  th e  p rocedure d e sc rib e d  in  M. G r i f f i t h 's  d is s e r ta t io n ^ ® . 
The r e a c t io n  was run  u s in g  1 .1  ml o f  e th y lbenzene  ( s p e c i f i c  
a c t i v i t y  6 .6  x 10® dpm/mole), 5*72 g o f  po tassium  perm anganate .
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and 1 .1  ml o f  10^ po tassium  hydrox ide  In  55 ml o f  w a te r . The 
benzo ic  a c id  was tw ice  r e c r y s ta l l l z e d  from w a te r -e th a n o l,  vacuum- 
d r ie d  and counted In  r e p l i c a t e  by l iq u id  s c i n t i l l a t i o n .  Only 
n e g l ig ib le  r e s id u a l  a c t i v i t y  was found In  th e  b en zo ic  a c id  ( j  x 
10^ dpm /m ole), which amounted to  abou t one p e rc e n t o f  th e  a c t i v i t y  
In  th e  e th y lb en zen e  th a t  was degraded .
D. RUN IN ABSENCE OF INITIATOR - "STANDARD REACTION" METHOD
A 1 .0  ml sample 0 .2 5  M In  tr lp h e n y l  p h o sp h ite  and 0 .25  M In  
e th y lb en zen e  In  la b e le d  cy c lo h e x a n e th io l so lv e n t ( s p e c i f i c  a c t i v i t y  
7 .5  X 10^^ dpm/mole) was p rep ared  w ith o u t 2 ,2 '- a z o b ls ls o b u ty ro ­
n l t r l l e ,  d eg assed ; s e a le d , and allow ed to  r e a c t  fo r  5 hours a t  
80 .0°C . I t  was th en  analyzed  fo r  cyclohexane and worked up by th e  
p rocedure d e sc r ib e d  p re v io u s ly  (page 66) .  No cyclohexane cou ld  be 
d e te c te d  by g lc ;  th e  a c t i v i t y  o f  th e  e th y lb en zen e  was determ ined  
by flo w -co u n tin g  and found to  be n e g l ig ib l e ,  t h a t  I s ,  I n d is ­
t in g u is h a b le  from background a c t i v i t y .
E . RUN IN ABSENCE OF INITIATOR -  COMPETITIVE METHOD
A 1 .0  ml sample c o n ta in in g  e th y lb en zen e  (C .5 M) a s  th e  on ly  
s u b s t r a te .  In  t r i t iu m - la b e le d  c y c lo h e x a n e th io l so lv e n t ( s p e c i­
f i c  a c t i v i t y  5 .6  x  10^^ dpm/mole) was d eg assed , s e a le d ,  allow ed 
to  r e a c t  and worked up as  o u tl in e d  fo r  c o m p e titiv e  runs (page 65) .  
The e th y lbenzene  was rad io a ssay e d  by l iq u id  s c i n t i l l a t i o n  a f t e r  
i t  was in je c te d  in to  a  V arian-A erograph gas chrom atograph and 
c o l le c te d  by th e  method d e sc rib e d  on page 8O; i t s  s p e c i f i c
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a c t i v i t y  was found to  be abou t 9 x  10® dpm/mole. The c o r r e c t io n  
invo lved  in  c a lc u la t in g  th e  n e t a c t i v i t y  amounted to  )0 ^  o f th e  
g ro ss  co u n t. T h e re fo re , th e  a c t i v i t y  o f  th e  s u b s t r a te  was o f  
th e  same o rd e r  o f  m agnitude as  th e  a c t i v i t y  o f  th e  rad io ch em ica l 
im p u r it ie s  and 9 x 10^® dpm/mole should  be reg a rd ed  as a  h ig h e r 
l im i t  on th e  s p e c i f ic  a c t i v i t y  o f  th e  e th y lb en ze n e .
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CHAPTER k.  RESULTS AND DISCUSSION
In  t h i s  ch a p ter  we c o n s id e r  in  th e  f i r s t  p la c e  c o n tr o l  e x p e r i ­
m ents th a t  d e a l w ith  g e n e r a l  te c h n iq u e s  and w ith  s p e c i f i c  a ssu m p tio n s  
th a t  m ust be met fo r  our k i n e t i c  e x p r e s s io n s  to  a p p ly . In  th e  
f i n a l  s e c t i o n ,  th e  r e l a t i v e  r a te  c o n s ta n ts  o b ta in e d  by a p p l ic a t io n  
o f  our m ethods to  a s e t  o f  s u b s tr a te s  a r e  p r e se n te d  and t h e i r  s i g ­
n i f i c a n c e  i s  e la b o r a te d  on .
I .  CONTROLS ON GENERAL TECHNIQUES
A. EFFECT OF SAMPLE WORK-UP ON DONOR ACTIVITY
I t  i s  n e c e s s a r y  to  e x c lu d e  th e  p o s s i b i l i t y  o f  in te r m o le c u la r  
exchange betw een th e  b e n z y l ic  h ydrogens in  th e  s u b s tr a te s  and 
hydrogen atoms in  m o le c u le s  o f  o th e r  s u b s ta n c e s .  T h is i s  im p o rta n t  
b eca u se  th e  t r i t iu m  atom s p r e se n t in  th e  s u b s tr a te  m ight be l o s t  
through exch an ge. We th e r e fo r e  s u b je c te d  a sam ple o f  t r i t iu m -  
la b e le d  tr ip h en y lm eth a n e  ( 6 .8  x  10® dpm /m ole, r e co v er ed  from r e a c t io n  
m ix tu r e s )  to  th e  work up p rocedu re n o rm a lly  a p p lie d  to  sam p les from  
k in e t i c  runs (p a g es  66- 67 ) .  No d e c r e a s e  in  th e  a c t i v i t y  o f  th e  
tr ip h en y lm eth a n e  was o b serv ed  ( s e e  E x p er im en ta l, page 8 k ) ,  w hich  
p roves th a t  lo s s  o f  la b e l  d oes n o t  o ccu r  by exchan ge d u r in g  work up. 
S in c e  th e  b e n z y l ic  hydrogen in  tr ip h en y lm eth a n e  i s  e x p e c te d  to  be 
c o n s id e r a b ly  more l a b i l e  than th e  h ydrogens in  m ost o f  th e  su b ­
s t r a t e s  s tu d ie d , exchange in  th e  o th e r  s u b s tr a te s  can  be r u le d  o u t  
a s  w e l l .
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B. TRAPPING CONTROLS
C o lle c tio n  o f  sam ple components as they  is s u e d  from th e  o u t l e t  
o f a gas chrom atograph was ach ieved  in  a way th a t  p e rm itte d  
im m ediate ra d io a ssa y  by l iq u id  s c i n t i l l a t i o n  cou n tin g  (page 8 1 ) . For 
th i s  procedure to  be s u c c e s s fu l ly  c a r r ie d  o u t,  c o l le c t io n  must be 
q u a n t i ta t iv e ,  and c o n tro l  experim ents were perform ed in  connec tion  
w ith  th e  tra p p in g  o f every  l iq u id  s u b s t r a te  s tu d ie d .  These 
experim ents a re  d isc u sse d  in  d e t a i l  in  Appendix F and from th e i r  
r e s u l t s  th e  co n c lu sio n  was reached  th a t  in  a l l  c a se s , q u a n t i ta t iv e  
c o l le c t io n  was ach ieved  by th e  sim ple  means d e sc r ib e d  on page 01 .
I I .  CONTROLS ON SPECIFIC ASSUMPTIONS (SUMMARY)
The c o n tro l  experim ents r e la te d  to  assum ptions made in  d e r iv in g  
k in e t ic  ex p re ss io n s  (page 5h) a re  summarized h e re . The r e s u l t s  
o f  each experim ent a re  g iv en , and g e n e ra l comments a re  made in  some 
ca se s .
A. DECOMPOSITION OF AIBN IN NEAT CUMENE
A 1')$ conversion  o f  AIBN in to  i s o b u ty r o n i t r i l e  was found to  
ta k e  p lace  a f t e r  10 hours a t  80°C (se e  E x p erim en ta l).
B. DEGRADATION OF LABELED ETHYI,BENZENE
E thy lbenzene, recovered  from k in e t ic  runs (w ith  a s p e c i f i c  
a c t i v i t y  o f  G.G x 10® dpm/mole) was o x id ized  to  benzo ic a c id .  The 
s p e c i f ic  a c t i v i t y  o f th e  a c id  was found to  be n e g l ig ib le  (see  
E x p erim en ta l) .
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c .  RUN IN ABSENCE OF INITIATOR-STANDARD REACTION METHOD
E thylbenzene was th e  s u b s t r a te  in  t h i s  ru n . No cyclohexane 
could be d e te c te d  and th e  a c t i v i t y  o f  th e  recovered  e th y lbenzene  
was found to  be n e g l ig ib le .  (See E x p e rim en ta l.)
D. RUN IN ABSENCE OF INITIATOR-COMPETITIVE METHOD
The only  hydrogen donor (qh) p re s e n t  in  th i s  experim ent was 
e th y lb en zen e . The s p e c i f i c  a c t i v i t y  o f  th e  recovered  QH was 
found to  be o f  th e  same o rd e r  o f m agnitude as th a t  o f  th e  r a d io ­
chem ical im p u r it ie s  in  th e  sam ple and a t  l e a s t  one thousand tim es 
lower than  th e  a c t i v i t y  o f e th y lb en zen e  reco v ered  from s im i la r  
runs in  th e  p resence o f  AIBN. (See E x p erim en ta l) .
E. PRODUCT STUDIES
C yclohexaneth io l p u r if ie d  by vacuum t r a n s f e r  to  e l im in a te  d i ­
s u l f id e  and f r e s h ly  r e c r y s ta l l i z e d  AIBN were u sed . The sam ples 
were p repared  and o th e rw ise  handled  as d e sc rib e d  in  reg ard  to  th e  
co m p e titiv e  method (page 66 ) ,  ex cep t th a t  cumene was th e  on ly  donor 
added, and a l iq u o ts  were w ithdraw n fo r  a n a ly s is  in  a n i t ro g e n  
atm osphere. A nalyses were perform ed by g lc  u s in g  columns A and B 
(see  E x p erim en ta l). Table 1 summarizes th e  d a ta .  Perhaps th e  most 
im p o rtan t r e s u l t  o f th e se  s tu d ie s  concerns th e  n a tu re  o f  te rm in a tio n  
r e a c t io n s .  I t  can be proved th a t  th e  on ly  im p o rtan t te rm in a tio n  
s te p  in  our system s i s  t h i y l  r a d ic a l  d im e r iz a tio n  to  form d is u l f id e  
(se e  page lO j fo r  d e ta i le d  argum ent).
The observed  tren d s  in  bicumene and c y c lo h e x y l-(2 -p h e n y lp ro p y l)-  
s u l f id e  y ie ld s  a re  c o n s is te n t  w ith  e x p e c ta tio n s  based on e q u a tio n  l 6


























T ab le  1. 
S o lv e n t.
P roduct S tu d ie s  o f  R eac tion  M ix tures Compounded w ith  AIBN and Cumene in  C yclohexaneth io l
Run f 1 2 3 4 5
R eac tion  tim e^ (h ou rs) 5 .0 5 .0 9 .62 9.62 9.62
[cum ene]. 0 0 .5 0 0 0 .50 2 .5
[C sH iiSH li 8 .2 7 .7 8 .2 7 .7 5 .7
[AIBN3  ̂ X 10® 6 .9 0 7 .1 9 19.4 18.5 17.6
[ i s o b u c y r o n i t r i l e ] ^ 5 .8
(4 4 .6 )c
8 .25
( 6 0 .8 ) c
18.3




(5 1 .4 )c
[d ic y c lo h e x y l d isu lfid e]^x lO ® 3 .7 4 .1 10 .2 9 .7 5 .55
[A al*^ 10® 1.65 2 .2 5 4 .7 4 .4 4 .3
(2 3 .3 )c (3 2 . 9 )= (2 4 .4 )c (2 3 . 9 )= (2 4 .6 )c
[bicum ene]£X10® ~1.3
[C P P S /x  10® ■^.6
[ŒPS]'^xlO® etr a c e tra c e ^ etr a c e
Recovery o f  CgHijS'  r a d ic a ls
Recovery o f  A* r a d ic a ls  (^ ) 70 85 72 75 76
R eac tio n  tem p era tu re  was 80°C. B rack e ts  deno te  c o n c e n tra tio n s  i n  m o le /1 .
\ f t e r  5 h o u rs , 93*75^ o f  th e  AIBN has re a c te d ;  a f t e r  9*62 h o u rs , 99*6lyt has re a c te d  (se e  re fe re n c e  5 ) .  
"C onversion (%), based  on AIBN decomposed.
^ T e tra m e th y ls u c c in o d in itr i le  = A2 ; c y c lo h e x y l- (2 -p h e n y lp ro p y l) -s u lf id e  = CPPS; c y c lo h e x y l- ( 1 -m eth y l-1- 
p h e n e th y l) - s u lf id e  = CMPS.
^See Appendix H.
^Assuming th a t  th e  numbers o f  t h i y l  r a d ic a l s  and i s o b u ty r o n i t r i l e  m olecu les formed a r e  th e  same.
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(c h a p te r  g ) ,  which was d e riv e d  on page k6. E quation  l 6 (C hap ter 2) 
p r e d ic ts  a p ro p o r t io n a l i ty  between th e  s te a d y  s t a t e  c o n c e n tra tio n  
o f  Q* and th e  c o n c e n tra tio n  o f  QH. Thus, n e i th e r  bicumene (qq) no r 
c y c lo h e x y l- (2 -p h e n y lp ro p y l) -s u lf id e  (qSR) a re  found in  r e a c tio n  
m ix tu res  up to  O.5M in  cumene (ru n s 1 -4 ) , bu t th ey  both  form in  
s u b s ta n t i a l  amounts when 2.5M cumene i s  used (run  5 ) . T h e re fo re , 
as QH and Q* c o n c e n tra tio n s  in c re a s e ,  th e re  i s  an enhancement in  
th e  r a te s  o f  te rm in a tio n  re a c t io n s  in  which Q« p a r t i c ip a te s  (and in  
th e  y ie ld s  o f  th e  co rrespond ing  te rm in a tio n  p ro d u c ts ) .
I t  i s  on ly  p o s s ib le  to  accoun t fo r  abou t 75^ o f  th e  2 -cy an o -2 - 
propy l r a d ic a ls  (A*) g en e ra ted  in  a g iven  r e a c tio n  m ix tu re  (T able l ) ,  
T h e re fo re , some o th e r  p ro d u c ts  in  a d d i t io n  to  AH and te tra m e th y l-  
s u c c in o d in i t r i l e  (Ag) must a r i s e  from A* r a d ic a l s .  From our 
d is c u s s io n  o f th e  cage e f f e c t  (pages 3 0 -$2 ) i t  i s  c l e a r  th a t  th e  
f a t e  o f  th e  m iss in g  A« r a d ic a ls  must be ke teneim ine fo rm atio n  v ia  
cage d im e r iz a tio n . As remarked on page $1 , th e  ke ten e im in e  r e a c ts  
ra p id ly  w ith  t h i o l s .  The n a tu re  o f  th e  p ro d u c ts  i s  n o t known, bu t 
Hammond e_t a l^  found th a t  abou t 35^ o f  th e  A* r a d ic a ls  d im erized  
to  ke teneim ine b e fo re  d i f fu s in g  a p a r t  in  CCI4 s o lu t io n  a t  62.3°C .
The m easured e f f ic ie n c y  (0 . 5 ) o f r a d ic a l  fo rm ation  in  ou r system , 
which co rresponds to  th e  convers ion  o f  AIBN in to  AH, compares 
fav o rab ly  w ith  th e  value o f  0 .46  re p o r te d  by Hammond e t  a l .^  The 
same rea so n ab ly  good agreem ent ex tends to  th e  te tra m e th y lsu c c in o d i-  
n i t r i l e  (Ag) y ie ld s  in  th e  p resence o f  scavengers capab le  o f  
d e s tro y in g  both A* and th e  k e tene im ine  (AA^): Hammond e t  a l .^
re p o r t  a y ie ld  o f  roughly  20^ a t  62.5°C in  CCI4 ; we f in d  abou t 25/^.
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In  any ca se , s in c e  th e  e x te n t  o f  cage recom bination  depends on 
tem pera tu re  and v i s c o s i ty ,  i d e n t i t y  between th e  two s e ts  o f  v a lu es  
should  n o t be expec ted .
F. EFFECT OF VARIATION OF REACTION PARAMETERS ON MEASURED kj^ VALUES 
Using e thy lbenzene  and cumene as s u b s t r a te s  in  la b e le d  c y c lo ­
h e x a n e th io l s o lv e n t ,  we examined th e  e f f e c t s  on measured r a t i o s  
o f  s u b s t a n t i a l  v a r ia t io n s  in  th e  fo llo w in g  ex p e rim en ta l p aram ete rs :
(a )  R eac tion  tim e f o ld ) ,  and co n seq u en tly  e x te n t
o f  i n i t i a t o r  decom position  (S fo ld )  as w e ll as 
s p e c i f i c  a c t i v i t y  o f  reco v ered  s u b s t r a te s  (2 .4  
f o ld ) .
(b) N ature o f i n i t i a t o r .
(c ) T o ta l c o n c e n tra tio n  o f  hydrogen don o rs ,
[QH] + [Q°H], (7 f o ld ) .
(d) R a tio  o f  donor c o n c e n tra tio n s  (20 f o ld ) .
The r e s u l t s  a re  shown in  T ab le  2 . I t  i s  e v id e n t th a t  none 
o f  th e se  v a r ia t io n s  s u b s t a n t i a l l y  a f f e c te d  th e  m easured k^ r a t i o s .
Of s p e c ia l  s ig n if ic a n c e  i s  th e  f a c t  th a t  w ith in  ex p erim en ta l 
e r r o r  th e  same r e l a t i v e  k^ v a lu e s  a r e  o b ta in ed  w hether AIBN o r  
t^-butyl peroxycyc lohexanecarboxy la te  i n i t i a t e  th e  r e a c t io n .
G. DIRECT AND INDIRECT DETERMINATIONS OF RELATIVE k^ VALUES
In g e n e ra l,  the  s e lf - c o n s is te n c y  o f  r e l a t i v e  r a te s  o b ta in ed  
from co m p etitio n s  can be probed in  th e  fo llo w in g  m anner. The 
r e l a t i v e  r e a c t i v i t i e s  o f  s u b s t r a te s  A and B a re  determ ined  by a 
d i r e c t  co m p e titio n , and th e  r e s u l t s  compared w ith  a  c a lc u la t io n































Run [ Cumene] [E thy lbenzene] [QH+Q°H] [ Cura]/[PhC2Hs] I n i t i a t o r ^ Rx tim e 
(min)
% i n i t i a t o r  
decomposed
^cum /^PhC^s^
1 0.025 0 .5 0 0.525 0 .05 AIBN 68 49 5-3
2 0.025 0 .5 0 0.525 0 .05 AIBN 500 94 5 .1.
5 0.025 0 .05 0.075 0 .5 0 AIBN 68 49 < 3 .4
h 0.025 0 .05 0.075 0 .5 0 AIBN 300 94 3.05
5 0 .5 0 0 .5 0 1 .0 1 .0 AIBN 500 94 2.95
6 0.025 0 .05 0.075 0 .5 0 PERESTER^ GiO — 50 2 . 9
T 0.025 0 .0 5 0.075 0 .5 0 PERESTER*^ 2k80 ~  94 < 3 .3
8 0 .25 0 .25 0 .5 0 1 .0 AIBN 150 75 3 .0
9 0 .25 0 .25 0 .5 0 1 .0 AIBN 150 75 3 .0
a T h io l a c t i v i t y  = T .5  x  10^^ dpm/mole.
C/)
C /)
I n i t i a t o r  c o n c e n tr a t io n . in  a l l  ru n s  was ab o u t 0.00% M.
°  R ate  c o n s ta n ts . per m olecu le  a t  60°C. T hese d a ta  have n o t been c o r re c te d  fo r  th e  r a t i o  o f  
is o to p e  e f f e c t s  (See Appendix k ) .
Jt-B uty l p ero x y cy c lo h ex an ecarb o x y la te .
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based  on th e  r e s u l t s  o f  two s e p a ra te  experim en ts. One experim ent 
I s  a  d i r e c t  co m p etitio n  between A and C (a  th i r d  s u b s t r a t e ) ,  and 
th e  o th e r  I s  d i r e c t  co m p e titio n  between B and C. The c a lc u la t io n
(1ch)a
o f  in  th e  l a t t e r  case  r e q u ire s  th e  u se  o f  eq u a tio n  1 :
The outcome o f th e se  ex p erim en ts , summarized In  T able 5, I s  most 
encou rag ing . The p re c is io n  o f  th e  a c t i v i t y  d e te rm in a tio n s  was 
n o t p a r t i c u la r ly  good in  th e  case  o f  e th y lb e n z e n e -d io  due to  the  
low le v e ls  o f  t r i t iu m  In c o rp o ra te d  In to  th i s  u n re a c tlv e  s u b s t r a te .  
However, even the  com petitions  In v o lv in g  e th y lb en ze n e -d io  e x h ib i t  
re a so n a b le  agreem ent between th e  d i r e c t  and I n d i r e c t  m easures o f 
r e l a t i v e  v a lues  o f  k^.
S ince e thy lbenzene  and m -xylene possess  very  s im i la r  p h y s ic a l 
p r o p e r t ie s ,  t h e i r  s e p a ra t io n  p r io r  to  ra d io a ssa y  i s  b e s e t by 
d i f f i c u l t i e s .  F o r tu n a te ly , two in d i r e c t  d e te rm in a tio n s  o f  th e  
r e l a t i v e  r e a c t i v i t i e s  o f  e thy lbenzene  and m -xylene tow ard cy c lo -  
h e x a n e th iy l r a d ic a ls  g iv e  v a lu es  th a t  a re  In  e x c e l le n t  agreem ent 
(T able 5 » second and th i r d  l i n e s ) .
H. AGREEMENT OF COMPETITIVE AND STANDARD REACTION METHODS
The e x te n t  o f  agreem ent between th e  r e s u l t s  o b ta in ed  by 
a p p l ic a t io n  to  th e  same s e t  o f  s u b s t r a te s  o f th e  two methods th a t  
we developed shou ld  be con sid ered  as s t i l l  a n o th e r  c o n tro l  o r





























A b s tra c tin g
R ad ica l
S u b s tra te  A S u b s tra te  B S u b s tra te  C kA/kc
( d i r e c t )
kc/kg
( d i r e c t )
kA/kB
( in d i r e c t ) ^
kA/kB
( d i r e c t )
c y c lo h e x a n e th iy l p -b rom oethy l-
benzene
e th y lb en zen e cumene 0 .118 6 .5 0 .7 4 0 .7 5
cy c lo h e x a n e th iy l m -xylene e th y lb en zen e m e s ity le n e 0 .756 0.057 0 .042 ——
cy c lo h e x a n e th iy l II II cumene 0.00685 6 .5 0 .045
cy c lo h e x a n e th iy l cumene 2 ,-nitrocum ene p e rd e u te ro -
e th y lb en zen e
4 4 .5 2 0.0525 2 .5 5 2.65
b e n z e n e th iy l cumene £ -e th y la n is o le e th y lb en zen e 8 .0 2 0.2801 2 .5 2 2.26
R ate  c o n s ta n ts  p e r r e a c t iv e  hydrogen atom , a t  80°C, u n c o rre c te d  fo r  r a t i o  o f  is o to p e  e f f e c t s .







means to  probe th e  v a l id i t y  o f our assum ptions. T ab le shows 
such com parative d a ta ;  th e  e x c e l le n t  agreem ent o f th e  r e s u l t s  
a r r iv e d  a t  by both  methods i s  s tro n g  ev idence th a t  a l l  assum ptions 
a re  met and s tre n g th e n s  o u r b e l i e f  in  th e  v a l id i t y  o f  th e  d a ta .
I I I .  CONTROLS ON SPECIFIC ASSUMPTIONS - DISCUSSION 
The assum ptions (page $4) r e la te d  to  th i o l  a c t i v i t y  ( t h a t  i s ,  
[RSH] ) )  [RST]) and to  th e  e x te n t  o f  la b e lin g  o f  s u b s t r a te s  were 
f u l l y  met (se e  Appendix H ) .  The r e s t  o f th e  assum ptions made in  
d e r iv in g  k in e t i c  ex p re ss io n s  amount to  th e  e x c lu s io n  o f  s p e c i f ic  
r e a c t io n s ,  th e  o ccu rrence  o f  which would in v a l id a te  our r e s u l t s .
Such "wrong" r e a c t io n s  w i l l  be c o n s id e r e d  and r u le d  o u t on th e  
b a s is  o f  th e  r e le v a n t  c o n tr o l  e x p e r im e n ts .
A. PROOF THAT Q* and RADICALS DO NOT PARTICIPATE IN TERMINATION 
REACTIONS
We have assumed (page 55) th a t  every  Q* and Q*° r a d ic a l  
g en e ra ted  a b s t r a c ts  hydrogen from RSH* and reform s la b e le d  QH* and 
Q°H* m o lecu les. This assum ption i s  a  b a s ic  f e a tu r e  in  th e  i n t e r ­
p r e ta t io n  o f th e  two system s th a t  were developed , s in c e  la b e lin g  
a llow s d e te c t io n  and cou n tin g  o f th e  h y d ro g e n -a b s tra c tin g  e v e n ts .
I f  a Q* r a d ic a l  p a r t i c ip a te s  in  te rm in a tio n  s te p s  (eqs 2 -5 ) and 
does n o t reform  la b e le d  donor, th e  a b s t r a c t io n  ev en t th a t  led  to  
the  Q. r a d ic a l  i s  n o t counted. The le v e l  o f  a c t i v i t y  in  th e  
recovered  QH i s  th e re fo re  s p u r io u s ly  low. The r a t i o  (and
k^^ll/kQUji) a ls o  would be lower than th e  t r u e  va lue  i f  Q .° r a d ic a ls  
do n o t e n te r  in to  te rm in a tio n  re a c t io n s .
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T a b l e  4 .  R e l a t i v e  r a t e  c o n s t a n t s *  o f  h y d ro g e n  a b s t r a c t i o n  b y  t h e  
c y c l o h e x a n e t h i y l  r a d i c a l  a t  8 0 .0 ° C .
H ydrogen  d o n o r n" S ta n d a r d  r e a c t i o n
m e th o d ^
C o m p e t i t i v e
m ethod
m -x y le n e 6 0 .0 4 8 0 .0 4 5
e t h y l b e n z e n e 2 1 . 0 1 . 0
cumene 1 6 . 6 6 . 3
P e r  r e a c t i v e  h y d ro g e n .
^ Number o f  r e a c t i v e  h y d ro g e n s  assum ed  I n  m ak ing  s t a t i s t i c a l  
c o r r e c t i o n s .
 ̂ See Appendix L fo r  p lo ts  and sample c a lc u la t io n s .
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Q -  +  Q -  -> Q - Q  ( 2 )
Q. +  RS. -> Q-SR ( 3 )
Q* +  X» - 4  D i s p r o p o r t i o n a t i o n  p r o d u c t s  (4 )
Q* +  A* -* Q-A (5)
I n  e q u a t i o n  5> A* i s  a  2 - c y a n o - 2 - p r o p y l  r a d i c a l ,  an d  X i n  e q u a t i o n  
4 i s  an y  r a d i c a l  i n  t h e  s y s te m .
1. R e le v a n t  C o n t r o l s  
We p e r fo rm e d  a s e r i e s  o f  p r o d u c t  s t u d i e s  (p a g e  93 ) on s am p le s  
t h a t  a r e  s i m i l a r  to  t h o s e  p r e p a r e d  i n  n o rm a l  c o m p e t i t i v e  r u n s  u s i n g  
c y c l o h e x a n e t h i o l  b u t  w h ich  c o n t a i n  cumene a s  t h e  o n l y  d o n o r  (QH).
The m ore l i k e l y  t e r m i n a t i o n  s t e p s  ( e q u a t i o n s  2 - 5  a b o v e )  i n  w h ich  
cumyl r a d i c a l s  (q * )  m ig h t  be  i n v o l v e d ,  y i e l d  b icum ene  (QQ), c y c l o ­
h e x y l -  ( 2 - p h e n y l p r o p y l ) - s u l f i d e  (qSR), l , 2 - d i m e t h y l - l - p h e n y l - 2 -  
c y a n o b u ta n e  (QA), and  c y c l o h e x y l - ( l - m e t h y l - l - p h e n y l e t h y l ) - s u l f i d e  ( l ) .  
The l a s t  p r o d u c t  ( l )  c o u ld  fo rm  v i a  d i s p r o p o r t i o n a t i o n  b e tw e e n  cum yl 
r a d i c a l s  and  any  o t h e r  r a d i c a l s  ( e q u a t i o n  6 ) t o  y i e l d  a - m e t h y l -  
s t y r e n e .  A n t i -M a rk o v n ik o v  a d d i t i o n  o f  c y c l o h e x a n e t h i o l  (RSH) t o  
a - m e t h y l s t y r e n e  y i e l d s  s u l f i d e  I  ( e q u a t i o n s  7  an d  8 ) .
CH3  CH3




PhC=-CH2  +  RS* -» PhC— CHgSR ( j )
CH3  CH3
I I
PhC— CHgSR +  RSH -> PhC-CHgSR +  RS* ( 8 )
I
*  I
T h e r e  i s  am ple  p r e c e d e n t  f o r  r e a c t i o n s  6 - 8  ( s e e  I n t r o d u c t i o n ) .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
103
Our p roduct s tu d ie s  on samples th a t  were O.5M in  cumene (runs 
2 and 4 in  Table 1 , page 9*<-) re v e a le d  th e  p resen ce  o f  o n ly  tr a c e  
amounts o f  c y c lo h e x y l- ( l -m e th y l- l-p h e n y le th y l) - s u lf id e  ( l )  and th e  
absence o f  bicumene (qq) and c y c lo h e x y l- (2-p h e n y lp ro p y l) -su lf id e  
(qSR). I t  can be shown (se e  Appendix H ) th a t  th e  tr a c e s  o f  s u l f id e  
I  accoun t fo r  no more than  Vja o f  th e  cumyl (q* ) r a d ic a ls  g e n e ra te d . 
F urtherm ore , s u l f id e  I  could n o t be d e te c te d  when th e  cumene con­
c e n t r a t io n  in  th e  re a c tio n  m ix tu res  was 0 . 25M. These c o n s id e ra tio n s  
a llo w  us to  ru le  out p a r t i c ip a t io n  o f  cumyl r a d ic a l  (q O  in  te rm in a ­
tio n  r e a c t io n s .  A nother p ro o f o f  n o n -p a r t ic ip a t io n  o f  cumyl 
r a d ic a ls  in  te rm in a tio n s  ( a t  c o n c e n tra tio n s  o f cumene as  h igh  as  O.3 
mole 1 i s  a ffo rd ed  by the  r e la t io n s h ip  found to  e x i s t  between 
i s o b u ty r o n i t r i l e  (AH) and d ic y c lo h ex y l d i s u l f id e  y ie ld s  (T able 1, 
page The m olar y ie ld  o f  AH c o n s is te n t ly  i s  very  n e a r  tw ice  th a t
o f  d i s u l f i d e  (ru n s 1-4 , Table l ) .  I f  r e a c tio n s  9 and 10 a re  
re sp o n s ib le  a lo n e  fo r  t h i y l  r a d ic a l  fo rm ation  and d isap p ea ran ce ,
A- + RSH -» AH +  RS* (9 )
2RS- RSSR (10)
one mole o f  d i s u l f id e  forms fo r  every  two moles o f  AH th a t  form 
because one t h i y l  r a d ic a l  appears eveiry tim e an AH m olecule does 
and one m olecule  o f  d i s u l f id e  i s  d e riv e d  from two th i y l  r a d ic a ls  
(eq 14) .  T h e re fo re , th e  maximum y ie ld  o f  d i s u l f i d e  i s  l im ite d  to  
one h a l f  th e  m olar y ie ld  o f AH. For samples O.5 M in  cumene, (runs 
2 and 4 o f  Table l )  th e  average m olar y ie ld  o f  d i s u l f i d e  i s  32^ 
th a t  o f  AH. When a sample co n ta in s  2.3 M cumene (ru n  3 , T able l ) .
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th e  r a t i o  o f  m olar y ie ld s  o f  % Ss to  AH f a l l s  to  O .3I; th i s  r e s u l t  
su g g es ts  th e  o ccu rrence  o f  te rm in a tio n  r e a c t io n s  o th e r  than  d i s u l f i d e  
fo rm atio n . This n o tio n  i s  confirm ed by th e  p resen ce  o f  cy c lo h ex y l- 
( 2 - p h e n y lp ro p y l) -su lf id e  and bicumene in  th e  same re a c t io n  m ix tu re .
I t  i s  n ece ssa ry  to  em phasize th a t  r e a l i z a t i o n  o f  maximum y ie ld s  o f 
d i s u l f i d e  n e c e s s a r i ly  im p lie s  e x c lu s iv e  te rm in a tio n  by t h i y l  r a d ic a l  
d im e r iz a tio n . T h e re fo re , in  sam ples up to  O.5 M in  cumene, t e r ­
m inations in v o lv in g  cumyl r a d ic a ls  a re  in c o n s is te n t  w ith  th e  f a c t s .
I s  i t  re a so n a b le  to  conclude th a t  o th e r  hydrogen donors w i l l  
behave as cumene in  ou r system s? Yes, th i s  co n c lu sio n  i s  re a so n a b le  
s in c e  29 o u t o f 35 s u b s t r a te s  in v e s t ig a te d  a re  le s s  r e a c t iv e  than  
cumene, and a re  expected  to  g iv e  r i s e  to  lower s te a d y - s ta te  con­
c e n tr a t io n s  o f r a d ic a l s ,  th e re b y  le ad in g  to  few er c o m p lica tio n s .
B. PROOF THAT Q .° RADICALS DO NOT ABSTRACT HYDROGEN FROM QH.
I t  i s  p o s s ib le  th a t  r a d ic a ls  o th e r  than  th e  t h i y l  r a d ic a l  
m ight a b s t r a c t  hydrogen from a s u b s t r a te  (QH). In  co m p e titiv e  
ru n s , fo r  in s ta n c e ,  r e a c t io n  I I  could  tak e  p la c e .
Q*° + QH ->Q°H + Q" (11)
S ince th i s  r e a c t io n  i s  expected  to  proceed more e a s i l y  in  th e  exo­
therm ic  d i r e c t io n ,  we a re  assum ing h e re  th a t  QH i s  th e  more r e a c t iv e  
donor; in  o th e r  w ords, r e a c t io n  11 i s  l ik e ly  to  in tro d u c e  com pli­
c a t io n s  by "quenching" th e  r a d ic a ls  (Q*°) th a t  o r ig in a te d  from th e  
le s s  r e a c t iv e  donor w ith o u t la b e lin g  them. S im u ltan eo u sly , 
r e a c t io n  11 s p u r io u s ly  g e n e ra te s  Q* r a d ic a ls  which w i l l  be la b e le d
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
105
and counted . R eaction  11 i s  then  l i k e ly  to  lead  to  a sp u r io u s ly  
Aqh
high  r a t i o  o f  > s in c e  few er Q*° r a d ic a ls  w i l l  be la b e led  than
were a c tu a l ly  formed by th i y l  r a d ic a l  a b s t r a c t io n ,  w hereas the  
o p p o s ite  i s  t ru e  fo r  Q*. We show in  Appendix I  th a t  to  a f i r s t  
app rox im ation , th e  r a te  o f  r e a c t io n  11 i s  g iven  by e q u a tio n  12, 
w herein  i s  the  r a te  o f  f r e e - r a d i c a l  i n i t i a t i o n .
R ii = c o n s ta n t • R^^ • ( l 2)
This eq u a tio n  w i l l  be used to  r u le  ou t th e  o ccu rrence  o f  re a c tio n  
11 in  our sam ples.
1. R elevan t C on tro ls
We have s tu d ie d  th e  e f f e c t  o f  d r a s t i c  v a r ia t io n s  in  th e
experim en ta l param eters on th e  measured r e l a t i v e  r e a c t i v i t i e s ;  th i s
was done u s in g  th e  com p etitio n  between e th y lb en zen e  and cumene
(tow ard th e  cy c lo h e x a n e th iy l r a d ic a l )  as a  model (T ab le  2 , page 97) .
The r a te  o f  i n i t i a t i o n  i s  abou t th e  same in  a l l  runs in v o lv in g
AIBN s in c e  i n i t i a t o r  c o n c e n tra tio n  was h e ld  c o n s ta n t (ab o u t O.OCfJ’
mole 1 1 ) .  In  a d d i t io n ,  R ii i s  r a th e r  in s e n s i t iv e  to  v a r ia t io n s
in  R  ̂ due to  th e  square  ro o t dependence in  e q u a tio n  12; i t  i s  then
Ri &
reaso n ab le  to  re g a rd  (g j^ )  as  a  f a c to r  th a t  does n o t vary  
s ig n i f i c a n t ly  from one run in v o lv in g  AIBN to  a n o th e r . F in a l ly ,  
c y c lo h e x a n e th io l (RSH) i s  th e  so lv e n t in  th e se  c o n tro l  runs and i t s  
c o n c e n tra tio n  i s  about 7 M in  a l l  c a s e s . These c o n s id e ra tio n s  
a llow  us to  w r i te :
R i i  = c o n s t a n t  [QOH][QH] ( I 3 )
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fo r  th e  k in e t i c  runs i n  Table 2  (page ST’)» s in c e  they  s a t i s f y  th e  
s im p lify in g  assum ptions made in  th e  d e r iv a t io n .  E quation  I3 p re d ic ts  
th a t  th e  r a t e  o f  r e a c tio n  11 depends on ly  on th e  p roduct o f  sub ­
s t r a t e  c o n c e n tra tio n s  when o th e r  param eters a r e  h e ld  c o n s ta n t .  This 
p roduct v a r ie s  by a f a c to r  o f  200 in  th e  c o n tro l  runs l i s t e d  on 
T able 2 ( s p e c i f i c a l l y ,  between runs 4 and 5)» however, th e  a c t i v i t y  
r a t i o s  and co n sequen tly  th e  r a t i o  o f  r a te  c o n s ta n ts  fo r
cumene and e thy lbenzene  rem ain c o n s ta n t .
As p o in ted  ou t b e fo re  (page 96) i t  i s  p o s s ib le  to  o b ta in  r e l a ­
t iv e  kjj v a lues  by two a l t e r n a t iv e  ro u te s  w ith in  th e  framework o f  
th e  c o m p e titiv e  system . The in d i r e c t  d e te rm in a tio n  o f  (kg)j^/(!^)g 
re q u ire s  th e  use  o f  e q u a tio n  14, which i s  a p p lie d  to  th e  r e s u l t s
^^^A  ^ ( 14)
o f  two a c tu a l  c o m p e titio n s : one between A and C and a n o th e r  between 
B and C. However, th e  use  o f  e q u a tio n  14 can be j u s t i f i e d  o n ly  i f  
r a te  c o n s ta n t r a t i o s  a r e  p ro p o r t io n a l  to  a c t i v i t y  r a t i o s  (see  
eq u a tio n  29, page 4ç). I t  can be shown th a t  th e  a c t i v i t y  r a t io s  
a re  no lo n g e r p ro p o r t io n a l  to  th e  r a t i o  o f  th e  r a t e  c o n s ta n ts  i f  
r e a c t io n  11 i s  in c lu d ed  in  th e  k in e t i c  scheme. On th e  o th e r  hand, 
th e  e x c e l le n t  agreem ent between d i r e c t l y  and in d i r e c t ly  o b ta in ed  
r a te  c o n s ta n t r a t i o s  (T able 3, page 99) su g g es ts  th a t  th e  p ro p o r tio n ­
a l i t y  r e f e r r e d  to  above h o ld s , s in c e  eq u a tio n  14 can be a p p lie d  
s u c c e s s fu l ly .  T his agreem ent p rov ides a n o th e r argum ent a g a in s t  th e  
occu rrence  o f  re a c tio n  11.
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C. PROOF THAT CYCLOHEXYL RADICALS DO NOT ABSTRACT HYDROGEN FROM QH 
The " re fe re n c e  re a c t io n "  in  one o f  th e  methods developed i s  
d é s u lfu ra t io n  o f  c y c lo h e x a n e th iy l r a d ic a ls  by tr ip h e n y l  p h o sp h ite . 
Cyclohexyl r a d ic a ls  a re  g en e ra ted  in  th a t  manner, and th e y  m ight 
a b s t r a c t  hydrogen from th e  donor (qh) p re s e n t in  th e  sample (equa­
tio n  15). The e f f e c t s  o f  r e a c t io n  I5 on th e  m easured r e l a t i v e
CsHii* + QH -» CqHi2 +  Q* (15)
r a t e  c o n s ta n ts  i s  d i f f i c u l t  to  p r e d ic t  q u a n t i t a t iv e ly ,  s in c e  th e  
s te a d y - s ta te  approx im ation  in  CgHn* and Q* no lo n g e r a llow s 
e l im in a tio n  o f  th e  term s in v o lv in g  c o n c e n tra tio n s  o f  r e a c t iv e  
in te rm e d ia te s .
1. R elevan t C o n tro ls  
That cyc lohexy l r a d ic a ls  do n o t a b s t r a c t  hydrogen from th e  
donor i s  shown by th e  c o n tro ls  summarized on T able 2 , (page 97 )• 
These c o n tro l  experim ents were designed  to  a s s e s s  th e  e f f e c t  o f  v a r i ­
a t io n s  o f th e  r e a c t io n  param eters  on th e  measured r e a c t i v i t y  r a t i o s .  
When _ t-bu ty l cyc lohexaneperoxycarboxy la te  i s  s u b s t i tu te d  f o r  AIBN 
as an i n i t i a t o r  in  co m p e titio n  runs between e thy lb en zen e  and cumene, 
the same r e l a t i v e  r e a c t i v i t i e s  r e s u l t .  This p e r e s te r  y ie ld s  t-  
butoxy and cy clohexy l r a d ic a l s ;  were any o f  th e se  to  a t ta c k  th e  
s u b s t r a te s ,  th e  ap p a re n t s e l e c t i v i t y  would s u re ly  change. However, 
the  s e l e c t i v i t y  o f a b s t r a c t io n  th a t  i s  measured by th e  r a t i o  o f  
s p e c i f i c  m olar a c t i v i t i e s  o f  cumene and e th y lb en zen e , i s  n o t a f f e c te d  
by th e  change o f  i n i t i a t o r  (compare r e s u l t s  fo r  runs 6 and J w ith  
th e  r e s t  in  Table 2 ) .
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I t  was s ta te d  th a t  th e  s te a d y - s ta te  approx im ation  does n o t 
a llow  s ig n i f i c a n t  s im p l i f ic a t io n  i f  re a c tio n  I5 i s  in c lu d ed  in  th e  
k in e t ic  scheme fo r  th e  s tan d a rd  r e a c t io n  method. T h e re fo re , th e  
l i n e a r i t y  observed  in  th e  p lo ts  o f  [TPP] v s . [CgHig](Appendix C) 
argues a g a in s t  th e  occu rrence  o f  r e a c tio n  15 s in c e  th i s  r e a c t io n  
i s  n o t in c lu d ed  in  our k in e t ic  scheme.
D. PROOF THAT CYANOISGPROPYL RADICALS DO NOT ABSTRACT HYDROGEN 
FROM QH
In  both  o f our system s AIBN i n i t i a t i o n  was used; i t  i s  con­
ce iv a b le  th a t  2-cyano-2-p ro p y l r a d ic a ls  (A») m ight a b s t r a c t  hydrogen 
from th e  s u b s t r a t e ( s ) . In  th e  co n tex t o f  th e  co m p e titiv e  scheme, 
hydrogen a b s t r a c t io n  by A* r a d ic a ls  shou ld  lead  to  sp u rio u s  s e le c -  
t i v i t i e s  th a t  correspond  to  A* r a d ic a l s .  The s e l e c t i v i t i e s  c h a ra c ­
t e r i s t i c  o f  A* r a d ic a ls  a r e  expected  to  d i f f e r  from those  a s s o c ia te d  
w ith  a b s t r a c t io n  by th i y l  r a d ic a l s .
1. R elevant C on tro ls  
Hydrogen a b s t r a c t io n  from th e  s u b s t r a te ( s )  by A* r a d ic a ls  i s  
ru le d  out by th e  r e s u l t s  o f  c o n tro ls  perform ed on co m p e titio n s  be­
tween e thy lbenzene  and cumene. W hether j t -b u ty l peroxycyclohexane­
c a rb o x y la te  o r AIBN is  u sed , th e  same r e a c t i v i t y  r a t i o s  a re  o b ta in ed  
(Table 2 , page compare runs 6 and 7 w ith  r e s t ) .
This co n c lu sio n  is  re in fo rc e d  by th e  r e s u l t s  o f  our p roduct 
s tu d ie s  and by th e  outcome o f an experim ent in  which AIBN was 
h ea ted  in  n e a t cumene fo r  10 hours a t  80°C (se e  page 85). In  n e a t 
cumene, I s o b u ty r o n i t r i l e  i s  formed in  15^  y ie ld ;  app rox im ate ly
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o n e  t h i r d  o f  t h e  n l t r l l e  a r i s e s  from  d i s p r o p o r t i o n a t i o n ® ^  (e q  1 6 ) .
CN CN CN
I I I
2 CHaC- -* CH3 C-H +  CH2 “ C ( i 6 )
I I I
CH3  CH3  CH3
The r e s t  m u s t  fo rm  by  h y d ro g e n  a b s t r a c t i o n  from  cumene (e q  17)*
CH3 CH3
+ PhC-H -» AH +  PhC- (17)
f  I
CH3  CHg
I n  o u r  s y s t e m s ,  a  $ 0 ^  c o n v e r s i o n  o f  AIBN i n t o  AH i s  o b s e r v e d ;  
h o w ev er ,  t h i s  i s  t h e  maximum c o n v e r s i o n  t h a t  ca n  be a t t a i n e d  s i n c e  
c a g e  r e a c t i o n s  l e a d  t o  a b o u t  2 5 % k e t e n e i m i n e  (w h ic h  i s  d e s t r o y e d  
by t h i o l )  and  25% t e t r a m e t h y l s u c c i n o d i n i t r i l e  ( p a g e  50)» I t  
s h o u ld  be n o t e d  t h a t  t h i o l  c o n c e n t r a t i o n s  much lo w e r  t h a n  t h o s e  
u s e d  i n  o u r  w ork a r e  s u f f i c i e n t  to  i n t e r c e p t  A- r a d i c a l s ,  p r e ­
d o m in a n t ly  by h y d ro g e n  t r a n s f e r  ( p a g e s  2 7 - 5 0 ) . On t h e  o t h e r  h a n d ,  
t h e  maximum c o n v e r s i o n  o f  AIBN i n t o  AH a t t a i n a b l e  i n  n e a t  cumene 
i s  a b o u t  7 [)%, s i n c e  k e t e n e i m i n e  f o r m a t i o n  i s  r e v e r s i b l e  i n  t h i s  
medium. However, o n l y  one f i f t h  o f  t h i s  l i m i t i n g  y i e l d  r e s u l t s .  
O b v io u s ly ,  t h i o l s  d o n a te  h y d ro g e n  t o  A- r a d i c a l s  more e f f i c i e n t l y  
t h a n  cumene. I t  i s  even  p o s s i b l e  t o  e s t i m a t e  t h e  r e l a t i v e  r a t e s  
o f  h y d ro g e n  a b s t r a c t i o n  by  A- from  7 « 7  M t h i o l  and  0 .2 5  M cumene 
( q h ) ,  t h e  c o n c e n t r a t i o n s  u s e d  i n  a  t y p i c a l  r u n .  The a rg u m e n t  i s  
b a s e d  upon th e  r e p o r t  o f  B r u in  e t  ajL. (p a g e  2 9 ) ,  who f i n d  t h a t
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1 .5 3  M t h i o l  e f f i c i e n t l y  d o n a t e s  h y d ro g e n  t o  A* r a d i c a l s  fo rm ed  by 
t h e r m a l  d e c o m p o s i t i o n  o f  0 . 6 6  M AIBN a t  80°C i n  an  i n e r t  s o l v e n t  
(e q  1 8 ) .
k , ' fk ,
AIBN [2A- + Na] — ^  2A* ( l 8 )
In  th e  system  s tu d ie d  by B ruin  e t  al?® , k i n e t i c a l l y  f r e e  A* r a d ic a ls  
r e a c t  m ainly by t r a n s f e r  w ith  t h i o l  (eq I9 ) ;
K y
A* + RSH — ^ >  AH + RS- (19)
and recom bination  o f  A* r a d ic a ls  in  bu lk  s o lu t io n  (eq 20) i s  
u n im portan t.
2A* Aa (20)
From th e  d a ta  in  B ru in 's  r e p o r t ^ ,  and th e  v a lues  o f  th e  r a te
c o n s ta n ts  fo r  in i t ia t io n ®  (k^) and A" d im e riz a tio n ^  (kao)> a lower
l im it  f o r  k^^ i s  c a lc u la te d  to  be 10® M ^sec  ^ (se e  Appendix J
fo r  d e ta i le d  c a lc u la t io n ) .  We can now c o n s id e r  th e  co m p etitio n  
between a t h i o l  and cumene fo r  A* r a d ic a ls  (eqs 21 and 22) .  I t  
has been es tab lish ed ®  th a t  th e  s p e c i f i c  r a te  f o r  hydrogen a b s t r a c t io n
RSH + A- — ^ > F S * + A H  (g l)
QH + A- --------> Q- + AH (22)
from diphenylm ethane (p e r  hydrogen) by A* i s  2.5 M ^ sec  ^ a t  80°C;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I l l
i f  we assume th a t  cumene I s  more r e a c t iv e  th an  diphenylm ethane by 
a f a c to r  o f  10 toward A* (tow ard most f r e e  r a d ic a ls  cumene and d i ­
phenylmethane d i f f e r  in  reac tiv ity® ®  by a f a c to r  o f  a t  most 5 ) ,  
ks2 can be g iven  as 25 M ^ sec  The r a t i o  o f  th e  r a te s  o f
eq uations  21 and 22 i s  g iven  by eq u a tio n  2^:
k [RSH][A.] k [RSH]
—  -    (23)kaa [QH ] [A • ] kaa [QH]
In  our system  [RSH] « 7-7 M and [QH] «  0.25 M; s in c e  k^^ 2 10® M ^
sec ^ we have:
h r  5. ( 10® m'^ $ e c " i)  7.7  M (gl^)
kea ■ (25 s e c ' i )  0 .25 M
That i s ,  2 10®; hence th e re  i s  no reason  to  su sp e c t hydrogen
a b s tr a c t io n  by A* from cumene o r  o th e r  e q u a lly  r e a c t iv e  hydrogen 
donors in  s o lv e n t t h i o l .
E. PROOF THAT THE AROMATIC RING DOES NOT BECOME LABELED IF QH IS 
AROMATIC
There i s  a  p o s s ib i l i ty  th a t  th e  n u c leu s  o f  th e  a ro m a tic  
s u b s t r a te s  m ight become la b e le d . The fo llow ing  r e a c t io n  sequence 
could in tro d u c e  t r i t iu m  in to  th e  aro m atic  r in g  o f  a b e n z y lic  
r a d ic a l .  R eac tion  27 g e n e ra te s  d o u b ly -la b e le d  m olecules w hereas we
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H
+ RST -» RS* +
+ RS- -» RSH +
CHaT





assumed th a t  only  one t r i t iu m  atom could be in c o rp o ra te d  p e r donor 
m olecu le . C onsequently , th e  r e a c t i v i t i e s  o f  donors th a t  undergo 
double la b e lin g  would be sp u r io u s ly  h ig h .
1. R elevan t C on tro ls  
The o x id a tiv e  d e g ra d a tio n  d esc rib e d  on page 85 converted  
la b e le d  e thy lbenzene  reco v e red  from a k in e t i c  run in to  benzo ic  a c id .  
S ince s id e -c h a in  a c t i v i t y  i s  no lo n g e r p re s e n t  in  benzo ic  a c id ,  any 
r e s id u a l  a c t i v i t y  in  th e  a c id  would p o in t to  a ro m a tic  r in g  la b e l in g .  
However, no r e s id u a l  a c t i v i t y  was found and th i s  p o s s ib le  sou rce  
o f  e r r o r  i s  e lim in a te d .
F. PROOF THAT AN IONIC MECHANISM DOES NOT EFFECT LABELING
Were la b e lin g  to  tak e  p lace  by an u n id e n t i f ie d  pathway, perhaps 
io n ic ,  ou r r e s u l t s  would be v i t i a t e d .  The absence o f la b e l in g  in  
re a c t io n  samples to  which no f r e e - r a d ic a l  i n i t i a t o r  had been
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added would p rov ide  grounds to  exclude th i s  c o m p lica tio n . The 
r e s u l t s  fo r  k in e t i c  runs in  the  absence o f  AIBN d e sc r ib e d  on 
page 86» re v e a le d  n e g l ig ib le  a c t i v i t i e s  in  th e  s u b s t r a te  ( e th y l ­
benzene). T h ere fo re , we b e lie v e  th a t  la b e lin g  in  our k in e t ic  runs 
i s  accom plished by a f r e e - r a d i c a l  mechanism.
G. PROOF THAT IONIC REACTIONS DO NOT GENERATE CYCLOHEXANE (RH)
In th e  co n tex t o f  th e  " s ta n d a rd  r e a c t io n "  method, we assumed 
th a t  cyclohexane (eh) forms v ia  d é s u lfu ra t io n  o f  c y c lo h e x a n e th iy l 
r a d ic a l s .  I t  i s  then  n e c e ssa ry  to  a s c e r t a in  th a t  cyclohexane i s  
n o t g en e ra ted  by o th e r  r e a c t io n s .  The absence o f  cyclohexane in  
a c o n tro l  experim ent (page 86) which was run  w ith o u t AIBN bu t 
was o th e rw ise  s im i la r  to  ro u tin e  " s ta n d a rd  r e a c t io n "  experim ents 
(page 6T ) p ro v id es  ev idence a g a in s t  th e  involvem ent o f  io n ic  ( o r  
o th e r  u n id e n t i f ie d )  pathways in  cyclohexane g e n e ra tio n .
H. CONCLUSION
At th i s  p o in t i t  must be s t r e s s e d  th a t  th e  e x c e l le n t  agreem ent 
(see  T able , page 101) o b ta in ed  by th e  a p p l ic a t io n  o f  bo th  o f  th e  
methods developed to  the  same s e t  o f  s u b s t r a te s  c o n s t i tu te s  f u r th e r  
p roo f th a t  a l l  th e  above assum ptions a re  s a t i s f i e d .
IV. DISCUSSION OF RESULTS 
The r e l a t i v e  r a te  c o n s ta n ts  determ ined  in  th e  cou rse  o f  th i s  
work appear in  T ables 5 and 6 . R esu lts  f o r  both  th e  c y c lo ­
h e x a n e th iy l and b e n z e n e th iy l r a d ic a ls  a re  shown; fo r  com parison
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T able 5* R e la tiv e  Rate C o n stan ts^ ’^ per M olecule fo r  Hydrogen 
A b s tra c tio n  a t  80°C.
A b s tra c tin g  R adical
Hydrogen donor C yclohexaneth iy l^ B enzeneth iy l^
n-Dodecane ca . 0.03
T h io a n iso le <  0.063
A n iso le ca . 0 . 00f 5
E th y l N ,N -dim ethyl- 
am ino ace ta te
ca . 0.02
2 , 2 ,4 -T rim ethyIpen tane 0.0433
N eopentylbenzene c a . 0.0143
Toluene ca . 0.045
m-Xylene c a . 0.129®
M esity len e 0.2565
£-X ylene 0.196
E th y lb en zen e-d io 0.143 0.145
2 -N itro e th y lb e n z e n e 0.371 0.525
£-B rom oethylbenzene 0.72 0.76
m -E th y lan iso le 1 .10
m -E th y lto lu en e 1. 25^
1.872£ -E th y lto lu e n e 1 .60f
£ -E th y la n is o le 2.014 3.52
D iphenylm ethane 1.47 2 .7 9




T riphenyIm ethane 8.0
Benzyl m ethyl e th e r 24 .5
17.141 » 2,3 » 4 “Te trah y d  rona ph th a len e
1809, 10-D ihydroan thracene
R ela tiv e  to  ethylbenzene (k^ = l . O O ) . These data have not been 
.c o r r e c te d  fo r  r a t io  o f  iso to p e  e f f e c t s  (Appendix K).
R ep rod u cib ility  o f  th ese  data i s  +
jMost o f th ese  data were obtained by the com petitive method on ly .
Determined by the com petitive method.
^Determined by both methods. See Appendix L.
Rate constant fo r  a b stra ctio n  o f secondary ben zy lic  hydrogens.
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T ab le  6 . R e la tiv e  Rate Constants®  p e r R eac tiv e  Hydrogen fo r  Hydrogen 
A b s tra c tio n  a t  80°C.
A b s tra c tin g  R ad ical
Hydrogen donor bn Cyclohexane- Benzene- Bromine
th ly ic th ly ic atomd
n-Dodecane 20 c a . 0.003 ca . 0.0002
T h io a n iso le 1 .0!f2
A n iso le 5 ca . 0.005
E th y l N ,N -dlm ethyl- 2 ca . 0 .02
am lno ace ta te
2 , 5 , 4 -T rlm e th y l- 5 0 .029 c a . 0 .01
pentane
0.0143N eopentylbenzene 2 0.0533
0.040Toluene 3 c a . 0 .03
m-Xylene 6 0.040
M esity lene 9 0.053
£-X ylene 6 0.061
c a . 0.145E th y lb en zen e-d io 2 c a . 0.143
£ -N ltro e th y l- 2 0.371 0.535
benzene
£-B rom oethyl- 2 0.73 0 .76 0 .78
benzene
m -E th y lan lso le 2 1.10
m -E th y lto lu en e 2 1.25
1.87£ -E th y lto lu e n e 2 1.60
£ -E th y la n ls o le 2 3.014 3 .55
0 .6 9D iphenylm ethane 2 1.59 2 .7 9
£-N ltrocum ene 1 2 .38
8 .0 2 2 .28Cumene 1 6 .3 0
£-Cjrmene 1 10.16
P-Methoxycumene 1 13.82
T riphenyIm ethane 1 17.8 3 .9 2
Benzyl m ethyl e th e r 2 2 7 .2 6.4
1. 2 , 3 ,U ,-T e tra h y d ro - 2 17.14®
n ap h th a len e
9 , 10-D lhydro- 2 c a . 200®
an th ra cen e
^ R e la tiv e  to  e thy lbenzene (k^= l . O O ) .  R e p ro d u c ib ili ty  su g g es ts  th e se  
^ d a ta  a re  a c c u ra te  to  4596.
Number o f  r e a c t iv e  hydrogens assumed.
^Only th e  d a ta  fo r  cy c lo h e x a n e th iy l r a d ic a l  have been c o r re c te d  fo r  
th e  r a t i o  o f  Iso to p e  e f f e c t s  (see  Appendix K). 
gOata taken  from re fe re n c e s  21b, 25 , and 
Perhaps low by a f a c to r  o f  2 ; see  d is c u s s io n  in  th e  t e x t .
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p u rp o ses , we have in c lu d ed  some d a ta  on hydrogen a b s t r a c t io n  by 
atom ic bromine in  Table 6 .
A. GENERAL COMMENTS
A few comments o f a g e n e ra l n a tu re  seem in  o rd e r:
(a ) Most of th e  r e s u l t s  were o b ta in ed  by th e  co m p e titiv e  
method because i t  can be a p p lie d  to  bo th  a lk a n e th iy l  and a r e n e th iy l  
r a d ic a ls  and i t  was found to  be le s s  tim e-consum ing than  th e  r e a c t io n  
procedure in  which th e  p h o sp h ite  e s t e r  was used . See Appendix L
fo r  p lo ts  and c a lc u la t io n s  r e la te d  to  th e  l a t t e r  p rocedure .
(b ) The r e l a t i v e  r a te  c o n s ta n ts  th a t  r e f e r  to  th e  cyclohexane­
t h i y l  r a d ic a l  in  T able 6 have been c o rre c te d  fo r  th e  r a t i o  o f  is o to p e  
e f f e c t s  which appears in  our f in a l  k in e t ic  e x p re ss io n s  (pages kS and 
‘)h ) . The c o r re c t io n  f a c to r ,  however, i s  very  c lo se  to  u n ity  in  th e  
cases  o f e thy lbenzene  and cumene d e r iv a t iv e s  (se e  Appendix K).
T h e re fo re , no a ttem p t was made to  ap p ly  a c o r re c t io n  to  such s u b s t r a te s .
(c )  For r e l a t i v e ly  i n e r t  s u b s t r a te s ,  th e  le v e l  o f  a c t i v i t y  
in c o rp o ra te d  in  th e  k in e t i c  runs i s  so low th a t  in te r f e r e n c e  by 
rad io ch em ica l im p u r it ie s  becomes very  l ik e ly .  C onsequently , th e  
f ig u re s  quoted  fo r  n-dodecane and a n is o le  a re  le s s  a c c u ra te  than  th e  
r e s t .  (See fo o tn o te  b to  Table 5)»
(d) The r e s u l t s  o b ta in ed  by W alling  and Kooyman (se e  page 12) 
a re  in  q u a l i t a t i v e  agreem ent w ith  o u rs . W alling  and Rabinow itz 
r e p o r t  th a t  i s o b u ty l th io l  y ie ld s  ( a t  th e  " s tead y  s t a t e " )  a re  in  th e  
o rd e r  diphenylm ethane ( cumene ( £-cyraene. Kooyman (page I9) 
e s tim a ted  th e  r e a c t i v i t i e s  o f  v a rio u s  hydrogen donors (tow ard
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j t - b u t y l t h i y l  r a d i c a l s )  t o  b e :  d ip h e n y lm e th a n e  t r i p h e n y I m e th a n e
(  t e t r a h y d r o n a p h t h a l e n e  { 9 , 1 0 - d l h y d r o a n t h r a c e n e .  The r e l a t i v e  
r a t e  c o n s t a n t s  p e r  m o le c u le  I n  T a b le  5 I n c r e a s e  I n  t h e  same o r d e r  
a s  t h e  r e a c t i v i t i e s  and  t h e  t h i o l  y i e l d s  q u o te d  a b o v e .  P e r c e n t  
c o n v e r s i o n  o f  d i s u l f i d e  I n t o  t h i o l ,  h o w e v e r ,  I s  n o t  a q u a n t i t a t i v e  
m e a s u re  o f  r e a c t i v i t y .  T h a t  I s ,  t h e  t h i o l  y i e l d s  r e p o r t e d  by 
W a l l in g  and  R a b in o w itz  a r e  n o t  p r o p o r t i o n a l  t o  r a t e  c o n s t a n t s  f o r  
h y d ro g e n  a b s t r a c t i o n .
(e ) The r e l a t i v e  r a te  c o n s ta n ts  f o r  the  c y c lo h ex an e th iy l 
r a d ic a l  vary  by 100, 000- fo ld  as th e  n a tu re  o f  th e  donor I s  changed; 
th l y l  r a d ic a ls  th e re fo re  a re  ex trem ely  s e le c t iv e  In  hydrogen 
a b s t r a c t io n  r e a c t io n s .  In  T able 7 we compare th e  r e l a t i v e  r e a c ­
t i v i t i e s  o f  a few ra d ic a ls  In  hydrogen a b s t r a c t io n  from b e n z y lic  
p o s i t io n s .  B enzen e th iy l appears  to  be th e  most s e le c t iv e  r a d ic a l  
and c y c lo h e x a n e th iy l I s  ro ugh ly  as s e le c t iv e  as th e  tr lc h lo ro m e th y l 
r a d ic a l .  Both t h l y l  r a d ic a ls  a re  more s e le c t iv e  than  bromine atoms 
toward a r a lk y l  hydrocarbons.
( f )  An ex trem ely  I n te r e s t in g  a s p e c t o f  th e  ta b u la t io n  I s  th e  
unexpected s im i l a r i t y  In  th e  s e l e c t l v l t l e s  o f  th e  two t h l y l  r a d ic a ls  
th a t  w ere s tu d ie d . The d is s o c ia t io n  e n e rg ie s  o f  th e  S-H bond In  
a lk a n e th lo ls  a re  no t s u b s t a n t i a l l y  a f f e c te d  by v a r ia t io n s  In  th e  
a lk y l  g roup ;^  th e  bond d is s o c ia t io n  e n e rg ie s  (bdE 's ) o f  th e  S-H
bond i n  a l l  a l i p h a t i c  t h i o l s  I s  a b o u t  88  k c a l / m o l e .  The c o r r e s p o n d i n g  
BDE I n  b e n z e n e t h i o l  I s  c a l c u l a t e d  t o  b e  75  k c a l /m o le ® .  T h u s ,  
h y d ro g e n  a b s t r a c t i o n  by  b e n z e n e t h i y l  r a d i c a l s  from  a  g i v e n  d o n o r  
s h o u ld  be 1.5 k c a l / m o l e  more e n d o th e r m ie  th a n  a b s t r a c t i o n  I n v o l v i n g

































Table 7 • R ela tiv e  Rate Constants 
Hydrocarbons by various r a d ic a ls
a ,b fo r  Hydrogen A bstraction  from A ralkyl
R ad ica l T em perature Toluene
S u b s tra te
E thy lbenzene Cumene R eference
Phenyl 60° C 0.22 1.0 2.1 46
M ethyl 65° c 0 . 2# 1.0 3.15 14a
Bromine Atom TT°C O.OU 1.0 2 .2 8 ^5
T ric h lo ro m e th y l hO°C 0 .0 2 1 .0 5 .2 47
C yclo h ex an e th iy l 80° C 0 .0 3 2 1 .0 6 .3 T his work
B en zen e th iy l 80° C - - 1 .0 8 .0 2 T his work
Per r e a c t iv e  hydrogen atom.




cyclo h ex a n eth iy l. T herefore, one would expect b en zen eth iy l ra d i­
ca ls  to  be much le s s  r e a c tiv e  and more s e le c t iv e  than cyclohexane­
th iy l  ra d ic a ls , but th is  exp ecta tion  i s  not supported by the data 
in  Tables 6 and 7 . This point w i l l  be d iscu ssed  again .
On the other hand, the s im ila r  r e a c t iv ity  patterns o f bromine 
atoms and cycloh exan eth iy l ra d ica ls  i s  not surprising®® because 
the d is so c ia t io n  en erg ies o f  hydrogen bromide and o f  the S-H bond 
in  a lip h a t ic  th io ls  are about the same.® In te r e s t in g ly , d iphenyl­
methane i s  somewhat more rea c tiv e  than ethylbenzene toward both 
th iy l  r a d ic a ls , whereas the op p osite  i s  true for bromine atoms.
G. A. R u sse ll ej^ al_.^° p o in ted  ou t in  I963 th a t ,  o f  a l l  th e  common 
r a d ic a ls  and atom s, "only  th e  c h lo r in e  and bromine atoms g iv e  a 
r e a c t iv i t y  s e r ie s  in  which diphenylm ethane i s  le s s  r e a c t iv e  than  
e th y lb en zen e" . This p e c u l ia r i ty  o f  c h lo r in e  and bromine atoms can 
be te n ta t i v e ly  a sc r ib e d  to  th e i r  tendency to  a t ta c k  s i t e s  o f  h igh 
e le c tro n  d e n s ity .  That i s ,  c h lo r in e  and brom ine atoms a re  s tro n g ly  
e l e c t r o p h i l ic  sp e c ie s  because they  possess  very  high e le c tro n  
a f f i n i t i e s ^ ^  ($.62  and 3.$7  eV r e s p e c t iv e ly ) .  S ince a phenyl group 
i s  e le c tro n  w ithdraw ing ( in d u c t iv e ly )  compared to  an a lk y l  group, 
s u b s t i tu t io n  o f  a phenyl fo r  th e  m ethyl group o f  e th y lb en zen e  de­
a c t iv a te s  th e  b e n z y lic  hydrogens toward h ig h ly  e l e c t r o p h i l i c  
r a d ic a ls .  T h iy l r a d ic a l s ,  which a r e  c h a ra c te r iz e d  by r a th e r  low 
e le c tro n  a f f i n i t i e s  ( l . J  eV fo r  m e th an e th iy l rad ic a ls^ ® ) behave 
"norm ally" and th e i r  r e a c t iv i t y  i s  governed by th e  s t a b i l i t y  
o f th e  in c ip ie n t  r a d ic a l  in  th e  t r a n s i t io n  s t a t e  r a th e r  than  by 
p o la r e f f e c t s .  This in t e r p r e ta t io n  i s  c o n s is te n t  w ith  th e
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in c re a se d  s e l e c t i v i t y  shown by c y c lo h e x a n e th iy l r a d ic a ls  - as 
compared w ith  bromine atoms - tow ard tripheny Im ethane  and benzy l 
m ethyl e th e r ,  because th e  low e le c tro n  d e n s ity  a t  th e  a carbon 
hydrogen bonds o f  th e se  s u b s t r a te s  shou ld  d e a c t iv a te  th e  bonds 
toward a t ta c k  by th e  h ig h ly  e l e c t r o p h i l i c  bromine atom.
(g ) The r e a c t iv i t y  o f the  b e n z y lic  hydrogens in  n e o p e n ty l­
benzene i s  c o n s id e ra b ly  sm a lle r  than  th e  r e a c t i v i t y  o f  th e  same 
type o f hydrogens in  e thy lbenzene  fo r  bo th  bromine atoms and c y c lo ­
h e x a n e th iy l r a d ic a ls ,  and b ea rs  ou t t h e i r  s im i la r  s t e r i c  r e q u i r e ­
ments (T ab le 6 ) .
B. OBSERVATIONS CONCERNING SPECIFIC SUBSTRATES
Some o b se rv a tio n s  about s p e c i f i c  donors w i l l  now be made.
1. T riph  envIme thane 
We have a lre a d y  d isc u sse d  (page p6) E. S. Lewis and M. M. 
B u t l e r 's  r e p o r t  on th e  r e a c t io n  between th e  tr ip h en y Im eth y l dim er 
and th io p h e n o l. The p a r t i c ip a t io n  o f  t r i t y l  r a d ic a ls  in  te rm in a ­
t io n  re a c tio n s  was e s ta b l is h e d ,  and th i s  v io la te s  one o f th e  
assum ptions invo lved  in  ou r c a lc u la t io n s .  S ince they  found th a t  
triphenyIm ethane and phenyl t r i t y l  s u l f id e  form in  equim olar am ounts, 
our measured value  could  be $0^  lower than  th e  a c tu a l  v a lu e .
T hat i s ,  i f  h a l f  th e  t r i t y l  r a d ic a ls  g en e ra ted  p a r t i c ip a te  in  t e r - -  
m in a tio n  r e a c t io n s ,  th e  a c t i v i t y  o f  th e  recovered  tripheny lm ethane 
w i l l  be too low by h a l f  s in c e  we assumed (page 55) th a t  every  Q* 
r a d ic a l  re a c ts  w ith  th i o l  and becomes la b e le d . These c o n s id e ra tio n s  
su g g es t th a t  th e  r e l a t i v e  k^ value  quoted fo r  th i s  hydrocarbon 
should  be regarded  as a lower l im i t .
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2 . D lhvdroan thracene and T e t r a l in  
The most r e a c t iv e  s u b s t r a te  s tu d ie d  was 9j 10"d ih y d ro a n th ra ­
cene. P rev ious work has shoim th a t  even s ta b le  f r e e  r a d ic a ls  such 
as d ip h e n y lp ic ry lh y d ra z y l a re  cap ab le  o f  dehydrogenating  th i s  
h y d r o c a r b o n . I t  was p o in te d  ou t b e fo re  (page 16) th a t  m esity len e - 
t h i y l  r a d ic a ls  e f f e c t iv e ly  dehydrogenate 9, 10-d ih y d ro an th racen e , 
and a la rg e  was expected  fo r  t h i s  hydrocarbon.
One in t e r e s t in g  o b se rv a tio n  was made du rin g  work-up o f  a 
sample c o n ta in in g  9, 10-d ih y d ro an th racen e : upon e x t r a c t io n  o f  th e
sample w ith  c o n ce n tra te d  aqueous po tassium  hyd ro x id e , th e  aqueous 
la y e r  tu rn ed  b r ig h t  ye llow . This c o lo r  change su g g es ts  th a t  an 
o rg an ic  d e r iv a t iv e  w ith  a c id ic  p ro p e r t ie s ,  perhaps s u l f id e  I I  
po sse ss in g  a hydrogen atom ot- to  th e  s u l f u r  atom, was e x tra c te d  
in to  th e  aqueous la y e r ,  (eq 28)
I I
+ OH -» HaO +
SCeHii
A s im i la r  s u l f id e  was re p o r te d  to  form upon a d d i t io n  o f  " t r i t y l  
r a d ic a ls "  to  th io p h en o l. We have j u s t  d iscu ssed  th e  im p lic a tio n s  
o f  such involvem ent o f Q* r a d ic a ls  in  te rm in a tio n  r e a c t io n s .  T here­
fo re , the r e l a t i v e  k^ v a lu e  g iven  fo r  9, 10-d ih y d ro an th racen e  
a ls o  should  be regarded  as a lower l im i t .
The h igh  r e a c t iv i t y  o f  th e  secondary  b e n z y lic  hydrogens in  
9, 10-d ih y d ro an th racen e  and t e t r a l i n  i s  to  be compared w ith  th e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
122
low er kjj va lues fo r  e th y lb en zen e  o r d iphenylm ethane, which a ls o  
p o ssess  secondary  b e n z y lic  hydrogens. T h is c o n tra s t in g  b eh av io r 
a c tu a l ly  i s  q u i te  g e n e ra l;  i . e .  i t  i s  n o t due to  s p e c i f i c  s e l e c t i v i t y  
o f  t h i y l  r a d ic a l s .  Peroxy, tr lc h lo ro m e th y l,  m ethyl, phenyl, 
t^ b u to x y ,c h lo r in e , and bromine r a d ic a ls  e x h ib i t  a s im i la r  trend.®®>14 
F u ll  resonance s t a b i l i z a t i o n  o f  a b e n z y lic  r a d ic a l  r e q u ire s  th a t  th e  
c rca rb o n , th e  atoms d i r e c t l y  a t ta c h e d  to  i t ,  and th e  benzene r in g  
l i e  on th e  same p la n e . T h e re fo re , th e  p resen ce  o f  bulky s u b s t i ­
tu e n ts  on th e  cy-carbon a n d /o r  th e  p o s i t io n s  o rth o  to  i t  w i l l  • 
s t e r i c a l l y  i n h i b i t  resonance s t a b i l i z a t i o n  in  bo th  p roduct and t r a n ­
s i t i o n  s t a t e  and lead  to  h ig h e r  a c t iv a t io n  e n e r g i e s .
In  1968 Szwarc and co-workers^^b examined th e  r e a c t i v i t i e s  
o f b e n z y lic  hydrogens by m easuring r e l a t i v e  r a t e  c o n s ta n ts  fo r  
hydrogen a b s t r a c t io n  by m ethyl r a d ic a ls  a t  d i f f e r e n t  te m p e ra tu re s .
Both the  a c t iv a t io n  e n e rg ie s  and p re e x p o n e n tia l (a ) f a c to r s ,  r e ­
l a t iv e  to  th o se  o f  to lu e n e , were found to  d i f f e r  fo r  a b s t r a c t io n s  
from e th y lb en zen e  (o r  d iphenylm ethane) and t e t r a l i n ,  and th e  l a t t e r  
p ossessed  both  th e  s m a lle s t  frequency  f a c to r  per a c t iv e  H and th e  
low est a c t iv a t io n  energy . These r e s u l t s  were a s c r ib e d  to  th e  
p resen ce  in  s u b s t r a te s  such as  e th y lb en zen e , cumene, and d ip h e n y l­
m ethane, o f  s e v e ra l  conform era th a t  have d i f f e r e n t  r e a c t i v i t i e s .
Under th e se  c o n d itio n s , th e  observed r a t e  c o n s ta n t , k^^^, i s  r e la te d  
to  th e  mole f r a c t io n  ( f \ )  o f each conform er and i t s  r e a c t i v i t y  (k^) 
by eq u a tio n  29:
V l  (29)
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I t  was p o s s ib le  to  show th a t ,  i f  th e  most r e a c t iv e  conform a­
t io n  in  hydrogen a b s t r a c t io n  (co rresp o n d in g  to  conform er " i " )  i s  
s p a rs e ly  p o p u la ted , = E  ̂ + 6, in  which E^ i s  th e  a c t iv a t io n
energy fo r  a h y p o th e tic a l  system  c o n ta in in g  conform er " i "  ex ­
c lu s iv e ly .  This i s  th e  case  fo r  e th y lbenzene  or d iphenylm ethane,
w herein  th e  m ost r e a c t iv e  conform er has a  C -H bond and th ea
p - o r b i t a l  on th e  a d ja c e n t r in g  carbon in  th e  same p lane and i s  
n o t th e  most s ta b le  one. For t e t r a l i n ,  which i s  a much le s s  f l e x ib le  
m olecule th a t  has 2 " a x ia l"  hydrogens fav o rab ly  d isp o sed  fo r  ab­
s t r a c t i o n ,  sa E^. In  9» 10-d ih y d ro an th racen e  we have a m olecule
fro zen  in to  a conform ation  th a t  i s  most fa v o ra b le  fo r  a b s t r a c t io n  
o f  th e  two " a x ia l"  hydrogens, which a re  expec ted  to  be c o n s id e ra b ly  
more r e a c t iv e  than  th e  r e s t .  This d is c u s s io n  can be taken  to  be 
a j u s t i f i c a t i o n  fo r  g iv in g  2 and n o t 4 as th e  number o f r e a c t iv e  
hydrogens in  both  t e t r a l i n  and 9>10-d ih y d ro an th racen e  in  Table 6 .
C. HAMMETT CORRELATIONS AND POLAR EFFECTS
A g r e a t  many re a c tio n s  in  which r a d ic a ls  a b s t r a c t  b e n z y lic  
hydrogen atoms from sp e c ie s  o f th e  type  XCgH^CHRiRe a re  amenable 
to  tre a tm e n t in  term s o f  e i t h e r  th e  Hammett (a )  o r  th e  Hammett- 
Brown (a^ ) c o r r e l a t io n s .  The r e l a t i v e  v a lu es  fo r  n u c le a r -  
s u b s t i tu te d  e th y lb en zen e  and cumene d e r iv a t iv e s  in  T able 5 y ie ld  
e x c e l le n t  c o r r e la t io n s  w ith  Brown's o^ s u b s t i tu e n t  c o n s ta n ts  
(F ig u re s  I - 5 ) ;  p oo rer c o r r e la t io n s  a re  o b ta in ed  when a c o n s ta n ts  
a re  used (F ig u re  h ) .  The p"** and p v a lu e s , s tan d a rd  d e v ia tio n s  
and c o r r e la t io n  c o e f f ic ie n t s  a re  summarized in  Table 8 • The
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F igure 1. liammett-Brown C o rre la tio n  fo r  Hydrogen A b s tra c tio n  
from E thylbenzenes by the  C yclohexaneth iy l R ad ica l.
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F igure  ',1. Hammett-Brown C o rre la tio n  fo r  Hydrogen A b s tra c tio n  
from Cumenes by th e  C yclohexaneth iy l R ad ica l.
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Figure  ) .  Hammett-Brown C o rre la tio n  fo r  Hydrogen 
A b s tra c tio n  from E thylbenzenes by th e  
B enzeneth iy l R ad ica l.
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Figure ) |. Hammett C orrelations for B enzylic Hydrogen A bstraction  
by the C yclohexanethiyl R adical.
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T ab le  5 , Rho V alues fo r  Hydrogen A b s tra c tio n  by C y c lo h ex an e th iy l and B en zen e th iy l R ad ica ls  
a t  80“C,
%
A b strac tin g ^
R ad ica l
S u b s tra te s^ S o lv en t Number o f  
D ata P o in ts
S u b s ti tu e n t
C onstan ts
C o r re la t io n
C o e ff ic ie n t^
C y clo h ex an e th iy l E thy lbenzenes C y clo h ex an e th io l 7 a -0.77 ±  O .lg f -0 .945
C y c lo h ex an e th iy l E thy lbenzenes C y clo h ex an e th io l 7
+a -0.59 ±  O.C4 -0 .990
C y clo h ex an e th iy l Cumenes C y c lo h ex an e th io l hr a -0 .6 9  +  0 .1 0 -0 .980
C y c lo h ex an e th iy l Cumenes C y c lo h ex an e th io l h +CT -0 .5 0  +  0 .05 -0 .9 9 2
B en zen e th iy l E thy lbenzenes B en zen e th io l 5 CT -0 .8 2  +  0 .1 8 -0 .930
B en zen e th iy l E thy lbenzenes B en ze n e th io l 5 +a -0 .6 2  +  0 .05 -0 .990
C a lc u la te d  by a com puter program u s in g  form ulae g iv en  i n  r e fe re n c e  48 .
CD




S tandard  d e v ia t io n  o f  th e  s lo p e .
^ For hydrogen a b s t r a c t io n  by c y c lo h e x a n e th iy l r a d ic a l  from th e  to lu e n e  s e r i e s ,  rho  i s  abou t 1.9 ( th r e e  
d a ta  p o in t s ) .
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p**" v a lu es  th a t  we o b ta in ed  a long  w ith  o th e rs  re p o r te d  fo r  a number 
o f  d i f f e r e n t  r a d ic a ls  a r e  in c lu d ed  in  T ab le 9 -
1. F a c to rs  C o n tro llin g  Rho 
B efore d is c u s s in g  our c o r r e la t io n s ,  we w i l l  rev iew  th e  fa c to r s  
which a re  known to  a f f e c t  rho v a lu es  in  r a d ic a l  r e a c t io n s .
(a )  R eac tion  p a ram e te rs . Rho v a lu es  have been found to  depend 
on so lv e n t and tem perature;^®  so lv e n t dependence i s  sometimes 
d ram atic  and o f te n  has been a t t r i b u t e d  to  com plexation  o f  th e  r a d i ­
c a l  by so lv e n t m o lecu les. In  I968 J .  H ra d il and V. Chvalovsky^^ 
examined th e  e f f e c t  o f  a s e r ie s  o f  a ro m a tic  so lv e n ts  on th e  r e a c t io n  
c o n s ta n ts  (p ) f o r  r a d ic a l  h a lo g én a tio n  o f  to lu e n e  d e r iv a t iv e s .
They found th a t  th e  a b so lu te  va lu e  o f  rho i s  enhanced by in c re a s in g  
b a s ic i ty  o f th e  a ro m a tic  s o lv e n t;  a n o th e r  i n t e r e s t in g  f in d in g  was 
th e  absence o f  a l in e a r  dependence o f  log k^^^ on o fo r  co m p etitiv e  
p h o to c h lo r in a tio n s  o f  so lv e n t f r e e  system s. T hat i s ,  when th e  
medium i s  no t h e ld  c o n s ta n t and n e a t m ix tu res  o f  to lu e n e  and a 
s u b s t i tu te d  to lu e n e  a re  p h o to c h lo r in a te d , " th e  dependence o f  log 
k^2^ on CT can be exp ressed  by two s t r a i g h t  l in e s  which in te r c e p t  a t  
a = 0" . Use o f carbon t e t r a c h lo r id e  as th e  s o lv e n t le d  to  a l i n e a r  
dependence o f  log  k ^ ^ j on a  v a lu es  over th e  e n t i r e  range o f  s u b s t i ­
tu e n ts  in c lu d ed  in  th e  s tu d y . The r e s u l t in g  p va lu e  was th e  s m a lle s t  
o f  th e  s e t .
On th e  o th e r  hand, th e  in c re a se  in  p w ith  d ec re a s in g  tem per­
a tu re  appears to  be a f a i r l y  g e n e ra l phenomenon.^® T h e re fo re , 
both s o lv e n t and tem pera tu re  must be s ta te d  a long  w ith  p v a lu e s .












T ab le  9 * Rho V alues fo r  B en zy lic  Hydrogen A b s tra c tio n  by  V arious R a d ic a ls .
o'3
0 S u b s tr a te s
A b s tr a c t in g  S p e c ie s
3"
CD Complexed C h lo r in e Brom ine Complexed Bromine T r ic h lo r o - C y c lo h ex a n e- B e n z e n e th iy l
8 Atom (C lC ghg) Atom Atom (BrCQ%) m eth yl R a d ic a l t h i y l  R a d ic a l R a d ic a l
( O '3" T o lu e n e s^ -1 . 0* - 1 .4  - 1 . 6 - 1 .4 6
i (40° ,  CgHs) ( 8 0 ° ,  ( 6 0 ° ,  Ce% ) ( 5 0 ° ,  CBrCla)3
CD CCI4)
E th y lb e n ­ -O.T*® - 0 .8 6 8 - 0 .5 3 ^ - 0 .5 9  - 0 .6 2
"nc ze n e s (hO °, GeHe) (80% ( 80° ,  CCI4) (80°, CqH iiSh) (80°, C g% sa)
3.3" CGI4)
CD Cumenes -0 .5 8 * ^ - 0 . 67*b -0 .5 0
CD (70% ( 7 0 ° ,  CBr- (80°, CsHixSH)
0 v j î CCI4) C I3) *
Q .
C °  2 -P h e n e th y l - 0 .7 6 - 1 .1 - 0 .9 3 *
a c h lo r id e s  f (hO °, CeHe) (80°, (8 0  ,  ecu +03 CCI4) CBrCla)




Q . A lly lb e n - -0 .7 0 g -0 .6 3 1
$ 
1—H
zen es (8 0 ° ,  CCI4) (70°)
0
D lp h e n y l- -0 .6 5 * ^ - 1 . 0* j
T 3




3 1 . ( e )  R ef. 5 0 . ( f )  R e f. 5 I .  (g )  R e f. 20a . (h )  R e f. 2 2 . ( i )  R e f. 5 2 . ( j )  R e f. 5 3 -
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and c o m p e titiv e  experim ents conducted in  a pure s o lv e n t shou ld  
y ie ld  more m eaningful p v a lu e s  th an  th o se  conducted in  mixed
re a c ta n ts .
(b ) R e a c tiv i ty  o f S u b s tr a te s . I t  has been es tab lish ed ^ ®  
th a t  su c c e ss iv e  s u b s t i tu t io n s  o f  m ethyl groups fo r  a-hydrogens 
in  to lu e n e  d ec re a se  th e  a b s o lu te  p v a lu e  fo r  b e n z y lic  b rom ination  
by a  f a c to r  o f about O.5 p e r m ethyl group (s e e  T ab le 9 )• T his i s  
one example o f th e  in v e rse  c o r r e la t io n  th a t  has been found to  
e x i s t  between the  va lue  o f p and th e  r e a c t iv i t y  o f  a  s e t  o f  sub­
s t r a t e s  toward brom ination.^®  However, th e  neopenty lbenzene 
s e r ie s ^ ^ ^  i s  an ex cep tio n  to  th i s  g e n e ra l iz a t io n  (se e  T able 9) ,  
and th e re  i s  no c o r r e la t io n  between p v a lu es  and r e l a t i v e  r e a c t i v i ­
t i e s  in  b e n z y lic  hydrogen a b s t r a c t io n  by tr ic h lo ro m e th y l 
r a d i c a l s . s t e r i c  e f f e c t s  m ight be o p e ra t iv e  in  th e se  cases  
(See below ).
The dependence o f  p on s u b s t r a te  r e a c t i v i t y ^ °  has been lin k ed  
to  d im in ish in g  s e n s i t i v i t y  to  s u b s t i tu e n t  e f f e c t s  as th e  a c t iv a t io n  
energy  d ec re a se s  w ith  in c re a s in g  r e a c t i v i t y  and as th e  t r a n s i t i o n  
s t a t e  in c re a s in g ly  resem bles th e  r e a c ta n ts .
(c )  S te r i c  R equirem ents. G. S. G le icher^^  b e l ie v e s  th a t  
d e s ta b i l i z a t i o n  a r i s in g  from re p u ls iv e  in te r a c t io n s  between th e  
groups a t  th e  b e n z y lic  p o s i t io n  and a  bulky a t ta c k in g  r a d ic a l  (such 
as tr ic h lo ro m e th y l)  in c re a s e s  th e  s u b s t i tu e n t  dependence and th e  
va lu e  o f p. This argument can be r e s ta te d  by say ing  th a t  th e  
nonbonded in te r a c t io n s  " le a d  to  a g r e a te r  degree  o f  bond b reak ing  
in  th e  t r a n s i t i o n  s t a t e " , o r  to  a " p ro d u c t- l ik e "  t r a n s i t i o n  s t a t e
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
152
t h a t  has In c reased  s e n s i t i v i t y  to  s u b s t i tu e n t  e f f e c t s .  I t  i s  
im p o rtan t to  r e a l i z e  th a t  t h i s  k ind  o f  argum ent can be m is lead in g ;
C. G. Swain and N. D. H ershey^^ r e c e n t ly  d isc u sse d  a t  le n g th  
a case  in  which th e  t r a n s i t i o n  s t a t e  i s  reached  e a r l i e r  ( th a t  
i s ,  a t  a p o in t c lo s e r  to  th e  r e a c ta n ts  a long th e  r e a c t io n  co ­
o rd in a te )  f o r  th e  r e a c ta n ts  y ie ld in g  th e  more s t e r i c a l l y  h in d e re d  
p ro d u c ts . Perhaps th e  c o n tra s t in g  b eh av io r o f  tr ic h lo ro m e th y l 
r a d ic a ls  and bromine atoms can be ex p la in ed  by a s u b s ta n t i a l  
d ec rease  in  th e  p re e x p o n e n tia l A f a c to r  in  th e  case  o f  th e  b u lk ie r  
tr ic h lo ro m e th y l r a d ic a l  f o r  which s t e r i c  h in d ran ce  i s  g r e a te r  in  
th e  t r a n s i t i o n  s t a t e s .  Low A fa c to r s  a re  a fe a tu re  o f  many hyd ro ­
gen a b s tr a c t io n s  from s t e r i c a l l y  h in d e re d  p o s i t io n s .
(d ) E le c tro n  A f f in i ty  and R e a c tiv i tv  o f  A tta ck in g  R ad ica l 
(P o la r  E f f e c ts ) .  The mere f a c t  th a t  many f r e e - r a d i c a l  re a c tio n s  
a re  s u c c e s s fu lly  c o r re la te d  by means o f  th e  Hammett e q u a tio n  su g g es ts  
th e  o p e ra t io n  o f p o la r  e f f e c t s  in  th e  t r a n s i t i o n  s t a t e s  o f  such 
r e a c t io n s .  These e f f e c t s  can be r a t io n a l i z e d  in  term s o f  th e  con- 
t r ib u t io n ^ ^ ^  o f  can o n ica l s t r u c tu r e s  A a n d /o r  C to  th e  t r a n s i t i o n  
s t a t e .
H X:" *QH:X O  Q:H X*
A B C D
S tru c tu re  A i s  ex p ec ted ^ sb isa  im p o rtan t f o r  r a d ic a ls  p o sse ss in g
a high e le c tro n  a f f i n i t y  (" a c c e p to r"  r a d ic a ls )  whereas th e  c o n t r i ­
b u tio n  o f  C shou ld  become s u b s t a n t i a l  o n ly  fo r  "donor" r a d ic a ls  
c h a ra c te r iz e d  by low e le c tro n  a f f i n i t i e s .  In  1958, G. A. R u s s e ll .
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p o s tu la te d  th a t  th e  " p o la r  e f f e c t s "  o f  n u c le a r  s u b s t i tu e n ts  a re  
b e s t  c o r re la te d  by a c o n s ta n ts  i f  r e a c t iv i t y  i s  a fu n c tio n  o f  
e le c tro n  d e n s ity  a t  th e  C-H bond. However, r e a c t iv i t y  i s  expected  
to  depend on a g ro u n d -s ta te  p ro p e rty  (such as e le c tro n  d e n s ity  o f 
a bond) on ly  fo r  h ig h ly  exotherm ic re a c tio n s  c h a ra c te r iz e d  by e a r ly  
( r e a c t a n t - l ik e )  t r a n s i t io n  s t a t e s  (Hammond p o s tu la te ) .  R u sse ll 
f u r th e r  p re d ic te d  th a t  as th e  degree o f  bond-break ing  in  the  
t r a n s i t io n  s t a t e  in c re a s e s ,  p should  in c re a s e  in  a b so lu te  value  
and th a t  th e  c o r r e la t io n  shou ld  improve fo r  r a d ic a ls  w ith  h igh
e le c tro n  a f f i n i t i e s  i f  c o n s ta n ts  a re  used . "This i s  a n t ic ip a te d




I I I  IV
F in a l ly ,  a correspondence between th e  m agnitudes o f  p (o r  p"̂ ) and 
th e  charge developed on th e  b e n z y lic  carbon a t  th e  t r a n s i t i o n  s t a t e  
was p o s tu la te d  ( t h i s  i s  only  a c o ro l la ry  o f  th e  o th e r  p o s tu la te s ) .
The c l a s s i c a l  views on p o la r  e f f e c t s  s ta te d  above rece iv ed  
wide accep tan ce . In 196k, however, A. S tr e i tw ie s e r  and C. Perrin^®  
po in ted  ou t th a t  c o r r e la t io n  w ith  0^ may n o t in d ic a te  a p p re c ia b le  
carbonium ion  c h a ra c te r  a t  th e  t r a n s i t io n  s t a t e .  In s te a d , an 
enhanced a b i l i t y  o f c e r ta in  s u b s t i tu e n ts  to  fav o r e le c tro n  
t r a n s f e r  by a llo w in g  fo r  a la rg e  c o n tr ib u tio n  o f  can o n ica l s t r u c tu r e
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B may o p e ra te .  T h e ir  ev idence d e riv e d  from p o la ro g ra p h ic  red u c­
tio n s  o f  b en zy lic  compounds. In  e ssen ce , S t r e i tw ie s e r  and Perrin^®  
(and l a t e r  G illio m  and Ward®®) proposed th a t  v a r ia b le  s t a b i l i z a t i o n  
o f the  in c ip ie n t  b en zy lic  r a d ic a l  by th e  n u c le a r  s u b s t i tu e n ts  may 
be an im portan t f a c to r  re g u la tin g  r e a c t iv i t y .  Very r e c e n t ly ,  A. A. 
Z av itsas® ° ch allenged  th e  lo n g -accep ted  n o tio n  o f  charge s e p a ra t io n  
in  th e  t r a n s i t io n  s t a t e  o f  r a d ic a l  r e a c t io n s .  He b e l ie v e s  th a t  
th e  n u c le a r  s u b s t i tu e n ts  in f lu e n c e  r e a c t iv i t y  by s t a b i l i z in g  o r 
d e s ta b i l i z in g  th e  r e s u l t in g  r a d ic a l .  That i s ,  th e  o rd e r  o f  
r e a c t i v i t i e s  o f  s u b s t i tu te d  to lu en es  p a r a l le l s  t h e i r  b e n z y lic  C-H 
bond d is s o c ia t io n  e n e rg ie s . T h e re fo re , Z a v itsa s  has taken  a s tan d  
s im i la r  to  th a t  o f  S tr e i tw ie s e r  and P e r r in  in  th a t  emphasis i s  
p laced  on in c ip ie n t  r a d ic a l  s t a b i l i t y .  The l a t t e r  a u th o rs  however, 
opined (based on M.O. c a lc u la t io n s )  th a t  a l l  para  s u b s t i tu e n ts  
s t a b i l i z e  a r a d ic a l ,  w hereas in  Z a v i ts a s ' mind e le c tro n -d o n a tin g  
groups s t a b i l i z e  and e lec tro n -w ith d ra w in g  groups d e s ta b i l i z e  
b en zy lic  r a d ic a l s .
Z a v itsa s  p o in ts  ou t th e  fo llow ing  in c o n s is te n c y  in  " p o la r  
e f f e c t "  argum ents. In  a b s t r a c t io n s  by brom ine, th e  c o r r e la t io n  
w ith  a" i s  even b e t t e r  than  w ith  a*"» in  tu rn ,  th e  c o r r e la t io n  
improves when c& i s  used in s te a d  o f  <j. The l a t t e r  improvement 
had been interpreted® ® ^ in  term s o f  e x te n s iv e  bond-breaking  and 
p o s i t iv e  charge development on th e  b e n z y lic  carbon a t  th e  t r a n s i ­
t io n  s t a t e .  S ince a~ va lues r e l a t e  to  th e  io n iz a t io n  o f  phenols 
and th e  a b i l i t y  o f  s u b s t i tu e n ts  to  s t a b i l i z e  a n e g a tiv e  charg e .
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" i t  appears  t h a t  a*" c o r r e la t io n s  do n o t n e c e s s a r i ly  im ply carbonium 
io n  c h a ra c te r  in  th e  t r a n s i t i o n  s t a t e .  I t  i s  more l i k e ly  th a t  
s u b s t i tu e n t  c o n s ta n ts  must r e f l e c t  th e  p o s s i b i l i t y  o f  d i r e c t  
co n ju g a tio n  w ith  th e  r e a c tio n  s i t e ,  in  th e  cases  where o’** and a “ 
a re  b e t t e r  than  I t  i s  d i f f i c u l t  to  d is a g re e  w ith  Z av itsas*
c r i t i c i s m  o f th e  u se  o f  a*". T h e re fo re , meta s u b s t i tu e n ts  should  
have been used to  e s ta b l i s h  p v a lu es  "and para  s u b s t i tu e n ts  examined 
on ly  w ith  re g a rd  to  how w e ll th ey  a re  c o r r e la te d  by th e  l in e  fo r  
meta compounds and as a  probe o f  th e  " e x tra "  resonance  which 
develops a t  th e  t r a n s i t io n  s t a t e s " . ^  However, m e ta -s u b s t i tu te d  
c thy lbenzene  and cumene d e r iv a t iv e s  a r e  r a th e r  expensive  a n d /o r 
d i f f i c u l t  to  s y n th e s iz e . T h e re fo re , r e l a t i v e l y  few meta d e r iv a t iv e s  
were used in  our work. This f a c t  shou ld  n o t a f f e c t  th e  rho 
v a lu es  s ig n i f i c a n t ly  n o r any m e ch an is tic  co n c lu sio n s  th a t  a re  
d e riv e d  from them, s in c e  one s ig n i f i c a n t  f ig u re  i s  ample fo r  most
p u r p o se s .
The r e a c t io n  o f  2 . 4 . 6 - t r i - t e r t - b u tv lp h en o x v  r a d ic a ls  w ith  
s u b s t i t u t e d  p h e n o ls  h as th e  l a r g e s t  p"*" v a lu e  ( - 2 . 8 , c o r r e la t io n  
w ith  a*") re p o r ted  fo r  a f r e e - r a d ic a l  r e a c t io n .  H owever, " i f  th e  
a c t iv a t e d  com p lexes in  th e s e  hydrogen atom  t r a n s f e r  r e a c t io n s  a r e  
p o la r  in  n a tu r e  th e y  c l e a r l y  f a i l  t o  resp on d  t o  s o lv e n t  in  a 
manner p r e d ic te d  fo r  p o la r  s p e c i e s " . F u r t h e r m o r e ,  d ip o la r  
s tr u c tu r e  A (p age 13^  i s  n o t  e x p e c te d  to  be an im p o rta n t c o n tr ib u to r  
to  th e s e  t r a n s i t i o n  s t a t e s  and c o n se q u e n tly  p o la r  e f f e c t s  sh o u ld  
be u n im p ortant a c c o rd in g  to  th e  t r a d i t i o n a l  v ie w s . T h is  d ed u c tio n  
i s  c l e a r l y  i n c o n s i s t e n t  w ith  th e  o b s e r v a t io n  o f  a  la r g e  n e g a t iv e  
p v a lu e  fo r  th e  r e a c t io n .
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I t  seems a p p ro p r ia te  now to  c o n s id e r  some flaw s in  
Z a v i ts a s ' argum ents. He fin d s  a l in e a r  c o r r e la t io n  between p and 
ZSH fo r  th e  re a c tio n  o f  to lu en e  d e r iv a t iv e s  w ith  f iv e  r a d ic a ls  o f 
w id e ly  d i f f e r e n t  r e a c t i v i t i e s  and e le c tro n  a f f i n i t i e s .  From 
th i s  he concludes th a t :
"p I s  o n ly  a fu n c tio n  o f  th e  e x te n t  o f  bond b re a k in g , as i t  
i s  r e f le c te d  by AH. Thus, in  e f f e c t ,  Hammett p v a lu es  in  th e se  
re a c t io n s  measure th e  s e n s i t i v i t y  o f  th e  r a te  o f  hydrogen a b s t r a c ­
t io n  to  BDE d if f e re n c e s  in  th e  s u b s t i tu te d  to lu e n e s ; as th e  exo- 
th e rm ic ity  in c re a s e s ,  th i s  s e n s i t i v i t y  would be expected  to  
d e c re a se " .
Such s e n s i t i v i t y ,  however, should  on ly  be expected  to  d ec rease  
i f  th e  a c t iv a t io n  energy d ec rease s  as e x o th e rm ic ity  in c re a s e s ,  
and th i s  i s  d e f in i t e ly  n o t th e  ca se . For th e  r e a c ta n ts  on which th e  
argum ent i s  based , e x o th e rm ic itie s  in c re a s e  in  th e  order® °
Hr* ( "CClg ( Cl* ( ^-BuO. ( CgHs* w hereas a c t iv a t io n  energy d e­
c re a se s  fo llow  th e  sequence®^ CCI3  .)  CgHs* Br* ) ^-BuO* ) C l.
The s im i la r i ty  between th e  a c t iv a t io n  e n e rg ie s  f o r  CgHg* and Br* 
c o n tra s ts  w ith  th e i r  w ide ly  d iv e rg e n t r e a c t io n  e x o th e rm ic i t ie s .  A f te r  
c o n s id e rin g  th e  above c o r r e la t io n  between p and AH, Z a v its a s  p re ­
d ic ts  a p va lu e  o f  - l . k  f o r  hydrogen a b s t r a c t io n  from th e  to lu en e  
s e r ie s  by th e  t.-b u ty l r a d ic a l .  Very r e c e n t ly ,  such re a c tio n s  were 
examined in  th i s  la b o ra to r y 's  and a p va lu e  o f  +0.99 i  O.Ok was 
found.
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2 . I n te r p r e ta t io n  o f  o*̂  V alues f o r  T h lv l R ad ica ls
What can be sa id  about th e  p h y s ic a l meaning o f  th e  p v a lu es  
ob ta in ed  in  ou r work? The b e t t e r  c o r r e la t io n  w ith  i s  n o t 
caused by so lv e n t v a r ia t io n  from one run  to  a n o th e r  s in c e  th e  
c o n c e n tra tio n  o f  combined s u b s t r a te s  was k e p t low (0,5 M). Con­
se q u e n tly , development o f  " e x tra "  resonance in  th e  t r a n s i t io n  s t a t e s  
fo r  a b s t r a c t io n  o f  b en zy lic  hydrogens i s  in d ic a te d ;  in  o th e r  w ords, 
a p p re c ia b le  d e lo c a l iz a t io n  in  th e  in c ip ie n t  b e n z y lic  r a d ic a ls  
seems to  ta k e  p la c e . The p v a lu es  quoted fo r  cy c lo h ex an e th iy l 
r a d ic a ls  a re  normal in  th e  sense  th a t  th e  same tre n d  i s  e v id e n t 
in  th e  case  o f bromine a b s t r a c t io n s ,  fo r  which th e  a b so lu te  va lue  
o f p d ec rease s  upon p ass in g  from to lu e n e s  to  e thy lbenzenes to  
cumenes. The d ecrease  i s  s l i g h t ly  le s s  marked fo r  c y c lo h e x a n e th iy l 
than  fo r  brom ine; th i s  l e s s e r  d ec re a se  m ight be a t t r ib u t e d  to  
s l i g h t l y  g r e a te r  s t e r i c  requ irem en ts  in  th e  form er r a d ic a l .
The s o lv e n t d i f f e r s  in  th e  re a c tio n s  o f  b e n z e n e th iy l and 
cy c lo h ex an e th iy l r a d ic a ls ,  making a m eaningful com parison d i f f i c u l t .  
N e v e rth e le ss , i t  seems re a so n a b le  to  exp ec t th a t  in  so lv e n t cy c lo - 
h e x a n e th io l ,  th e  b e n z e n e th iy l r a d ic a ls  would show e i th e r  a s im i la r  
o r  a sm a lle r  p v a lu e . This i s  so because com plexation , i f  i t  
o ccu rs , would be l i k e ly  to  enhance th e  p v a lu e  in  th e  a rom atic  
t h i o l  s o lv e n t (page 129) .  T h e re fo re , we seem to  f in d  a n o th e r  
unexpected s im i la r i ty  between th e  s e l e c t i v i t i e s  o f  cy c lo h ex an e th iy l 
and b en ze n e th iy l r a d ic a l s ,  as measured by t h e i r  Hammett r e a c tio n  
c o n s ta n ts  ( th e  f i r s t  s i m i l i a r i t y  was d isc u sse d  in  connec tion  w ith  
T able 6 ) .
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We p o in ted  ou t on page I I 9  th a t  bromine atoms have g r e a te r  
e le c t ro n  a f f i n i t i e s  than  t h i y l  r a d ic a l s .  S ince r e a c t io n  e n th a lp ie s  
a re  th e  same fo r  hydrogen a b s t r a c t io n  by bromine atoms and by c y c lo ­
h e x a n e th iy l r a d ic a ls  from e thy lbenzene  d e r iv a t iv e s  (see  page I I9 )  
we had a n t ic ip a te d  (from  a c o n s id e ra tio n  o f  t r a d i t i o n a l  id e a s  on 
p o la r  e f f e c t s )  a n e g a tiv e  p v a lu e  o f  g r e a te r  a b so lu te  m agnitude 
fo r  bromine atom than  f o r  cy c lo h e x a n e th iy l r a d ic a l s .  This e x p ec ta ­
tio n  was confirm ed by our r e s u l t s  (see  Table 6 ) .  Based on 
Z a v itsa s  id e a s ,  however, equal p v a lu es  a re  p re d ic te d  fo r  i s o -  
e n e rg e tic  r e a c t io n s  such as these® ° and our f in d in g  i s  in c o n s is te n t  
w ith  th i s  p re d ic t io n  i f  so lv e n t e f f e c t s  a re  n o t im p o rtan t fo r  
th e  r e a c t io n  s e r ie s  c o n s id e re d . The o b se rv a tio n  o f  abou t th e  same 
p v a lu es  in  hydrogen a b s tr a c t io n s  from e thy lb en zen es  by bo th  cy c lo ­
h e x a n e th iy l and b e n z e n e th iy l r a d ic a ls  canno t be ex p la in ed  in  term s 
o f  Z a v its a s  postulates® ®  e i th e r ,  p rov ided  th e  d i f f e re n c e  between 
th e  bond d is s o c ia t io n  e n e rg ie s  o f  cyclohexane- and b e n z e n e th io l 
i s  indeed  I3 k ca l/m o le  (se e  below) o r i s  a t  l e a s t  s u b s t a n t i a l .  
F in a l ly ,  we n o te  th a t  some d if f e re n c e s  in  th e  r e a c t i v i t y  p a t te rn s  
o f  cy c lo h e x a n e th iy l r a d ic a ls  and brom ine atoms w ere in te r p r e te d  in  
term s o f p o la r  e f f e c t s  on page ligi.
D. ISOTOPE EFFECTS.
Prim ary k in e t ic  is o to p e  e f f e c t s  a r i s e  through lo s s  o f  ze ro -  
p o in t v ib r a t io n a l  energy a t  th e  t r a n s i t i o n  s t a t e  due to  lowered 
fo rc e  c o n s ta n ts  and in c re a se d  le n g th s  o f  th e  s t r e tc h e d  b o n d . ® *  The 
d if f e re n c e  in  z e ro -p o in t e n e rg ie s  between th e  s t r e tc h in g  v ib ra t io n s
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o f C-H and C“D bonds amounts to  approx im ate ly  1.15 k ca l/m o le . I f  
o n ly  a s t r e tc h in g  v ib r a t io n  mode I s  l o s t  In  th e  t r a n s i t i o n  s t a t e ,  
a prim ary is o to p e  e f f e c t  o f  abou t 7 (k ^ / ly  = 7 ) a t  500°K i s  
a n t ic ip a te d ^ ^  ( to  th e  f i r s t  ap p ro x im atio n ). The m agnitude o f  a 
prim ary is o to p e  e f f e c t  in  hydrogen a b s t r a c t io n  re a c tio n s  I s  
thought to  depend on th e  symmetry o f th e  t r a n s i t io n  s t a t e ,  I . e .  
t r a n s i t io n  s t a t e s  in v o lv in g  very  l i t t l e  C-D bond b reak in g  o r 
e x te n s iv e  C-D bond b reak ing  a re  b e lie v e d  to  le ad  to  s u b s t a n t i a l l y  
reduced iso to p e  e ffe c ts^ '*  (F ig u re  5)» Data p re v io u s ly  o b ta in ed  
in  th i s ^ s  and o th e r  la b o ra to r ie s^ ®  su p p o rt such views fo r  r a d ic a l  
r e a c t io n s  l ik e  those  d iscu ssed  h e re .  However, in  io n ic  hydrogen 
t r a n s f e r  r e a c t io n s ,  p ro ton  tu n n e llin g  and n o t t r a n s i t i o n  s t a t e  
symmetry seems to  re g u la te  th e  m agnitude o f is o to p e  e f fe c ts .® ?
S ince  both  s e l e c t i v i t y  and Iso to p e  e f f e c t  in  hydrogen a b s t r a c t io n s  
depend upon the  e x te n t o f  bond b reak in g  in  th e  t r a n s i t i o n  s t a t e ,  
they  should  run p a r a l l e l  co u rses up to  th e  p o in t where a sym m etrica l 
t r a n s i t i o n  s t a t e  obtains.® ®  T able 10 d isp la y s  d a ta  i l l u s t r a t i n g  
th i s  p o in t .  The same c o r r e l a t io n  I s  e v id e n t fo r  b e n z y lic  brom ina- 
t io n s ;  a t  77°C k ^ /k ^  d ec reases  In  th e  o rd e r  PhCHa (4 .86) ) PhEt 
(2 .6 7 ) ) PhCHMeg (1.81).®® Our r e s u l t s  fo r  co m p e titio n s  In v o lv in g  
e th y lb en ze n e -d io  lead  to  an iso to p e  e f f e c t  o f  8 .5  +  O.7 fo r  c y c lo ­
h e x a n e th iy l and 8 . 2 + 1  fo r  b e n z e n e th iy l r a d ic a l s .  S ince th e  
fundam ental s t r e tc h in g  freq u en c ie s  o f th e  S-H bonds in  cyclohexane- 
th io l^®  (c a . 2580 cm ^ ) and b en zen e th io l^^  (2590 cm ^ ) a re  about 
th e  same, th e  above fin d in g s  can be in te r p r e te d  in  e i t h e r  o f  two 
ways: they  can be taken to  mean th a t  th e  degree o f  bond b reak in g
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HEAT of REACTION (kcoi mole)
F igure  5* V a r ia t io n  o f  Iso to p e  E ffe c ts  w ith  T ra n s it io n  
S ta te  Symmetry.
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T ab le  lo . C o r re la t io n  o f  S e le c tiv ity ®  and Is o to p e  E f fe c t  in  
Hydrogen A b s tra c tio n  Reactions®
A tta ck in g  sp e c ie s S e le c tiv ity ® Iso to p e  e f f e c t  
(kR/ko)
C h lo rin e  Atom 1.5  (80° C) 1.4  ( 80°C)
T ric h lo ro m e th a n e th iy l c a . 5.7 (0°C) 1.9  (0°C)
r a d ic a l
Bromine atom 56 (25°C) 2.4 (80°C)
For hydrogen a b s t r a c t io n  o f  5°  v s . 2°  a l ip h a t i c  p o s i t io n s .
R eference $8 .
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in  tr a n s it io n  s ta t e s  o f  these two r a d ic a ls  I s  e s s e n t ia l ly  the 
same, or they could correspond to  l i t t l e  bond breaking for  c y c lo ­
h exan eth iy l and ex ten siv e  bond breaking fo r  b enzeneth iy l producing, 
by co in c id en ce, two eq u a lly  asymmetric tr a n s it io n  s ta te s  and 
consequently s im ila r  values o f  ly /k ^ . This view would be c o n s is te n t  
w ith the values o f BDE (rS-H) and BDE (CqHsS-H) (88 kcal/m ole and 
75 kcal/m ole r e sp e c t iv e ly )  th at are found in  the litera tu re® ;  
hydrogen a b stra ctio n  by b en zen eth iy l would in vo lve  considerab ly  
higher a c t iv a tio n  en erg ies and " p rod u ct-lik e” tr a n s it io n  s ta te s  
whereas the corresponding a b stra ctio n  by cycloh exan eth iy l ra d ic a ls  
would e n ta il  low a c tiv a tio n  en erg ies and tr a n s it io n  s ta te s  in  which 
there would be com paratively l i t t l e  C-D bond weakening (Figure 5 ) .
Upon con sid eration  o f  a l l  the evidence a t  hand, though, I  
favor the f i r s t  view point, s in ce
(a ) Both th iy l  ra d ic a ls  d isp la y  roughly the same (h igh)  
s e le c t iv i t y  in  the hydrogen a b stra ctio n  rea c tio n s  in v e s t ig a te d .
(b) "Polar e f fe c t s " , as measured by Hammett-Brown p"*" values  
are p r a c t ic a lly  the same.
(c )  The a c t iv i t y  incorporated in to  a g iven  su b stra te  i s  not 
g r e a tly  dependent on whether cycloh exan eth iy l or b en zen eth iy l i s  the  
attack in g  r a d ic a l, provided that both th io ls  are eq u a lly  a c t iv e .
In g en era l, the ra tes  o f  hydrogen a b stra c tio n  (and su b stra te  la b e lin g )  
in  reac tio n  m ixtures contain ing d if fe r e n t  th io ls  should be s im ila r ly  
a ffe c te d  by the ra tes o f  in i t ia t io n  and term ination  because these  
two processes con tro l the steady s ta te  th iy l  ra d ic a l concentration  
(s e e  Appendix I  ) .  The rates o f  in i t i a t io n  in  a l l  samples are
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about th e  same because th e  same I n i t i a t o r ,  te m p era tu re , and 
i n i t i a t o r  c o n c e n tra tio n s  were used . M oreover, te rm in a tio n  r a te s  
a re  a ls o  l i k e ly  to  be s im i la r  in  such ss'A ples, s in c e  th e  a v a i la b le  
evidence®^ su g g es ts  th a t  th e  r a te  c o n s ta n ts  o f  t h i y l  r a d ic a l  
d im e r iz a tio n  a re  o f  com parable m agnitude fo r  a lk a n e th iy l  and 
a r e n e th iy l  r a d ic a l s .  T h e re fo re , i t  i s  d i f f i c u l t  to  e n v is io n  
hydrogen a b s t r a c t io n  proceed ing  a t  th e  same r a t e  in  sam ples th a t  
c o n ta in  d i f f e r e n t  th io l s  (b u t which a re  s im i la r ly  compounded) i f  
th e  a b s t r a c t in g  r a d ic a ls  form bonds to  hydrogen th a t  d i f f e r  by IJ  
k ca l/m o le  in  energy .
(d ) The BDE fo r  CgHsS-H i s  n o t w e ll e s ta b l is h e d .  In  K e llo g g 's  
rev iew , devoted to  t h i y l  r a d ic a ls  ( I9 6 9 ) , he professes® ^ n o t to  be a- 
ware o f any r e l i a b l e  d e te rm in a tio n  o f  S-H bond s tre n g th s  in  a rom atic  
t h i o l s .  The quoted® value  o f  th e  BDE o f  PhS-H was d e riv e d  from 
measurements by Back and Sehon^^ on th e  p y ro ly s is  o f  phenyl m ethyl 
s u l f id e  in  a s tream  o f to lu e n e . They determ ined  a v a lu e  o f  60 k c a l / -  
mole fo r  D (PhS-CHg) and found th e  p roducts  to  be m ainly m ethane, 
b e n z e n e th io l, and b ib e n z y l. The in f lu e n c e  o f  s u r fa c e  a re a  was n o t 
in v e s t ig a te d ;  a ra te -d e te rm in in g  d is s o c ia t io n  o f  th e  s u l f id e  in to  
CgHsS* and « CH3 was assumed bu t th e  mechanism was n o t a c tu a l ly  
e s ta b l is h e d .
(e )  S u lfu r  i s  an elem ent in  th e  th i r d  row o f  th e  P e r io d ic  
T ab le , and presum ably i t s  atom ic s iz e  lead s  to  weak p-p IT bonding*® 
w ith  carbon atom s. This i s ,  fo r  exam ple, r e f le c te d  in  th e  
fo llow ing  d if fe re n c e s  in  BDE's:
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C=0 minus C-0 = 75 kcal/m ole^®
C=S minus C-S = 45 kcal/mole'*®
T hat i s ,  Tf-bond fo rm ation  between carbon and oxygen s t a b i l i z e s  th e  
system  by 75 k ca l/m o le , w hereas th e  co rrespond ing  p ro cess  between 
carbon and s u l f u r  le ad s  to  s t a b i l i z a t i o n  by on ly  45 kca l/m o le  ( a  = 
28 k c a l/m o le ) .
S ince  resonance s t a b i l i z a t i o n  o f CqHs O* o r  CgHsS- i s  commonly 
b e lie v e d  to  e n t a i l  s u b s ta n t i a l  c o n tr ib u tio n  o f  can o n ica l s t r u c tu r e s  




r a d ic a ls  can be s ta b i l i z e d  to  about th e  same degree** (c a . I3 
k ca l/m o le ) i f  C“S bond fo rm ation  i s  c o n tr ib u tin g  toward th i s  
s t a b i l i z a t i o n .
( f )  F in a l ly ,  i t  a ls o  i s  exceed in g ly  d i f f i c u l t  to  re c o n c ile  
th e  h igh  dehydrogenating  a b i l i t y  o f  an aro m atic  t h i y l  r a d ic a l ,  
under m ild  r e a c t io n  c o n d itio n s ,  w ith  th e  endotherm ie n a tu re  o f  th e  
p ro cess  i f  th e  BDE o f th e  t h i o l  i s  a c tu a l ly  75 k ca l/m o le  (page 9 ) .
V. CONCLUSION
The g o a ls  th a t  we s e t  fo r  o u rse lv e s  in  th e  In tro d u c t io n  have 
been ach iev ed . A novel m ethodology fo r  m easuring r e l a t i v e  r a te  
c o n s ta n ts  o f  hydrogen a b s t r a c t io n  was d ev ised  and s u c c e s s fu lly
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a p p lie d  to  th e  s tu d y  o f  t h i y l  r a d ic a ls  In  s o lu t io n .  We have 
c h a ra c te r iz e d  a lk a n e th iy l  and a r e n e th iy l  r a d ic a ls  as ex trem ely  
s e le c t iv e  sp e c ie s  in  hydrogen a b s t r a c t io n  r e a c t io n s .  In  f a c t ,  they  
a re  more s e le c t iv e  than  th e  brom ine atom o r  th e  tr lc h lo ro m e th y l 
r a d ic a l  toward p rim ary , secondary , and t e r t i a r y  b e n z y lic  hydrogens. 
The p o la r  c h a ra c te r  o f  bo th  t h i y l  r a d ic a ls  was a s se s se d  by 
c o r r e la t io n s  o f  r a te s  o f  b e n z y lic  hydrogen a b s t r a c t io n  w ith  
Hammett-Brown's c o n s ta n ts .  These d a ta ,  as w e ll as Iso to p e  
e f f e c t  d a ta ,  lead  to  th e  I n te r e s t in g  co n c lu s io n  th a t  a lk a n e th iy l  
and a r e n e th iy l  r a d ic a ls  behave v ery  much a l i k e .  T h e ir  bond 
d i s s o c ia t io n  e n e rg ie s ,  th e re fo re ,  p ro b ab ly  do n o t d iv e rg e  as  w idely  
as i s  g e n e ra l ly  b e lie v e d .
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APPENDIX A
RELATIONSHIP BETWEEN SPECIFIC MOLAR ACTIVITY AND 
CONCENTRATION OF LABELED MOLECULES
We w i l l  assume in  t h i s  d e r iv a t io n  th a t  on ly  s in g ly - la b e le d  
m olecu les a re  p re s e n t in  th e  sam ple. The law o f r a d io a c t iv e  decay 
on a m olar b a s is  i s  g iven  by e q u a tio n  1:
dN 0 .693
—  = --------  • N (1 )
d t t ^
Where N i s  th e  number o f  la b e le d  ( r a d io a c t iv e )  m olecules o f
sp e c ie s  "X" p re se n t in  one mole o f  compound X, t^  i s  th e  tim e
re q u ire d  fo r  d i s in te g r a t io n  o f  h a l f  th e  r a d io a c t iv e  atoms o r i -
dNg in a l ly  p re s e n t ,  and ^  i s  th e  number o f  r a d io a c t iv e  X m olecules 
d i s in te g r a t in g  each m inute per mole o f  X. T h e re fo re , dN /dt can 
be id e n t i f i e d  w ith  th e  s p e c i f ic  m olar a c t i v i t y  o f  compound X 
(Ay) in  dpm/mol e ,  and we can w r i te ;
Ax = • N (2 )
so lv in g  fo r  N g iv es  eq u a tio n
151
Ax (3)
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S ince  a mole o f  X co n ta in s  6.025 x 10^® (% )  m olecules o f  X, th e  
f r a c t io n  o f  la b e le d  m olecu les in  compound X i s :
I f  [x] i s  th e  c o n c e n tra tio n  o f  sp e c ie s  X in  s o lu t io n ,  th e  concen­
t r a t i o n  o f la b e le d  X m olecu les (x*) i s :
[X*] = T o ta l c o n c e n tra tio n  o f  X « (5 )
Combining eq u a tio n s  (4 ) and (5) y ie ld s :
[X*] = (T o ta l c o n c e n tra tio n  o f  X) ( 6)
R earrang ing  le ad s  to  e q u a tio n  7 :
------------- [2C]----------  _ (fi-—--) . A (?)
T o ta l c o n c e n tra tio n  o f  X '■0.695 %
For t r i t iu m - la b e le d  m o lecu le s , e q u a tio n  7 becomes e q u a tio n  8 , 
a f t e r  s u b s t i tu t io n  o f  th e  a p p ro p r ia te  num erical v a lu es  fo r  t ^  
and
T o ta l c o n c e n tra tio n  o f  X ~ x 10 A% (8)
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APPENDIX B
PREPARATION AND WORK UP OF A SAMPLE CONTAINING m-XYLENE 
AND MESITYLENE (KINETIC RUN C4 )
A z o b is is o b u ty ro n i tr i le  (O.965 mg, 5 .88  jx mole) was weighed on 
a Cahn E le c tro b a la n c e  (Model M 10) and t r a n s f e r r e d  to  a 1 ml v o lu ­
m e tr ic  f l a s k .  H am ilton sy r in g e s  (5O M>l) were used to  m easure 
5 ^ «7 p i  (3 0 .0  mg, 0 .25  mmol) o f  m e sity le n e  and 5O.7 p i  (26 .5  mg, 
0 .25  mmol) o f  m -xylene and th en  to  d e l iv e r  th e  s u b s t r a te s  in to  th e  
f l a s k .  The c o n te n ts  o f  th e  f la s k  were d i lu te d  w ith  cyclohexane- 
th io l-S -T  ( s p e c i f i c  a c t i v i t y  4.5  x  10^^ dpm/mole) to  th e  mark and 
q u ic k ly  t r a n s f e r r e d  to  a te s t - tu b é d  p ie ce  o f  Pyrex g la s s  tu b in g  
(25 cm lo n g , 5 mm i . d .  and 6 mm o .d . )  u s in g  a d isp o sa b le  p ip e t .
The open end o f  th e  tube was connected  to  a vacuum m an ifo ld  and th e  
sample was su b je c te d  to  th re e  f re e z e -e v a c u a te -a d m it n itro g en -th aw  
c y c le s ,  se a le d  under vacuum (ab o u t O.O5 T o rr)  and allow ed to  reach  
room te m p e ra tu re . The sample was h ea ted  in  a c o n s ta n t tem p era tu re  
b a th  (80 + 0 .05°C ), w ithdraw n from i t  a f t e r  f iv e  hours (c o rre sp o n d ­
ing  to  fo u r h a l f - l i v e s  o f  th e  i n i t i a t o r ) , and quenched by d ip p in g  
i t  in to  ic e  w a te r .
Sample work up invo lved  (o m ittin g  th e  in te rv e n in g  w ate r wash­
in g s )  d i lu t io n  w ith  about 6 ml o f  petro leum  e th e r  (bp $0- 60°C ); 
e x t r a c t io n  w ith  th re e  20 ml p o r tio n s  o f  aqueous sodium hydroxide 
s o lu t io n  (20^ w/w) to  remove most o f  th e  t h i o l ;  a d d i t io n  o f  
aqueous s i l v e r  n i t r a t e  s o lu t io n  (10^ w/w) fo llow ed by c e n t r i ­
fu g a tio n  fo r  q u a n t i ta t iv e  rem oval o f  th e  l a s t  t r a c e s  o f  t h i o l
153
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as in s o lu b le  s i l v e r  m ercap tid e j e x t r a c t io n  w ith  s a tu ra te d  m ercu ric  
n i t r a t e  s o lu tio n  in  aqueous d i lu te  n i t r i c  a c id  to  e l im in a te  th io -  
e th e r  im p u r i t ie s ;  d ry in g  over anhydrous calc ium  s u l f a t e ;  and 
sh ak ing  w ith  abou t 1 g o f  a c t iv e  Raney n ic k e l  fo r  $0 seconds. The 
Raney n ic k e l ,  which was k e p t under w ate r (page 6 ^ ,  was washed 
re p e a te d ly  w ith  m ethanol and th en  w ith  petro leum  e th e r  j u s t  b e fo re  
be in g  used . I t  must be handled and d isp o sed  o f  c a r e fu l ly  
(PYROPHORIC); th e  purpose o f  t h i s  Raney n ic k e l  tre a tm e n t i s  to  
d e s tro y  d ic y c lo h ex y l d i s u l f i d e  p re s e n t in  th e  sam ple. F in a l ly ,  
th e  petro leum  e th e r  s o lu t io n  o f  th e  s u b s t r a te s  was p laced  in  a 
5 ml c o n ic a lly  shaped f la s k  and co n c e n tra te d  by ev a p o ra tio n  a t  
reduced p re s su re  to  a  f i n a l  volume o f  0 .2  - 0 .5  m l.
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APPENDIX C
CALCULATIONS INVOLVED IN ACTIVITY DETERMINATIONS 
BY GAS FLOW COUNTING
For s ta n d a rd iz a t io n  p u rp o ses , 5 a l iq u o ts  o f  s tan d a rd  
t r i t iu m - la b e le d  to lu en e  were in je c te d  b e fo re  and a f t e r  th e  un­
known. Net number o f  counts c o l le c te d  in  f i r s t  in j e c t i o n  (p e r  
p i  o f  s tan d a rd  to lu e n e )  = 662. Net number o f  counts c o l le c te d  
in  second in j e c t i o n  (p e r  p i  o f  s tan d a rd  to lu e n e )  =» 684.
Average = 675 n e t c o u n ts /p i PhCHa*
Average = 6T5 r  I.O 63 ,  10=
Average = 7 «15 x 10^ n e t coun ts/m ole  PhCHg*
A c tiv i ty  o f  s tan d a rd  t r i t iu m - la b e le d  to lu e n e  on d a te  o f  e x p e r i­
ment (A p ril 26 , 1972) = 2.211 X 10® dpm/mole.
A cumene sample was in je c te d  n e x t; Volume o f  cumene i n ­
je c te d  = 4.4  p i  (from  a re a  o f  peak in  th e  gas chrom atograph 
r e c o r d e r ) .  Net counts c o l le c te d  = 58*770* Net coun ts c o l le c te d  
per p i  o f cumene = = 8 , 811. Net coun ts  c o l le c te d  per mole
o f cumene = 8 8 I I  x 1 .5912 x 10® = 1 .2 2 6  x 10®
Assuming equal re s id e n c e  tim es in  th e  d isc h a rg e  tube ( i . e . ,  equal 
t o t a l  flow  r a t e s )  and th e  same d e te c tio n  e f f i c i e n c i e s  (cpm/dpm) 
fo r  t r i t iu m - la b e le d  to lu e n e  and cumene, we can w r i te ;
^cumene (dpm/mole) Aj-oiuene (dpm/mole)
n e t counts/m ole cumene n e t coun ts/m ole to lu en e
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S u b s t i tu t in g  th e  v a lu es  p re v io u s ly  found in to  t h i s  e q u a tio n , we 
o b ta in :
^cumene 2 «211 x  10® dpin/inole
1 .2 2 6  X 10® coun ts/m ole  T«15 % 10^  coun ts/m ole  
S o lv ing  fo r  Acumene y ie ld s ;
1 .226  X  10® X  2.2211 X  10®
^cumene “  ' dpm/mole
7.15 X 10?
Acumene “  5.79 x 10® dpm/mole
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APPENDIX D
CONSISTENCY OF RESULTS OBTAINED BY LIQUID 
SCINTILLATION AND FLOW-COUNTING
The r e s u l t s  fo r  t r i t iu m - la b e le d  cumene and £ - e th y la n ls o le  
reco v e red  from th e  same sample ( k in e t ic  ru n  CI5) a re  g iven  In  
T ab le  1 . The agreem ent In  a b s o lu te  a c t i v i t i e s  I s  n o t a s  good 
a s  In  a c t i v i t y  r a t i o s .  F o r tu n a te ly ,  a c t i v i t y  r a t i o s  a re  th e  
q u a n t i t i e s  o f  I n t e r e s t  In  th e  c o n te x t o f  th e  c o m p e titiv e  method 
(page 4 g), which was used e x te n s iv e ly  In  t h i s  r e s e a rc h .  We b e ­
l i e v e  th a t  b o th  a b so lu te  a c t i v i t i e s  and a c t i v i t y  r a t i o s  a re  th e  
same w ith in  ex p erim en ta l e r r o r .
T ab le  1 . M olar S p e c if ic  A c t i v i t i e s  O btained by A lte rn a t iv e  
M ethods.
Method
Gas-Flow C ounting L iq u id  S c i n t i l l a t i o n
Cumene A c tiv i ty  
(dpm/mole)
5.79 X 10^ 5 .3 3  X 10®
£ -E th y la n ls o le  A c tiv i ty  
(dpm/mole)
5 .6 5  X 10® 3.15  X 10®
A c tiv i ty  o f  Cumene/ 
A c t iv i ty  o f  £ -E th y la n ls o le
1.04 1 .0 6
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APPENDIX E
QUENCHING CORRECTIONS IN LIQUID SCINTILLATION COUNTING
The coun ting  e f f ic ie n c ie s  ( t h a t  i s ,  th e  e x te n t o f  quenching) 
o f  sam ples which c o n ta in  one o f th e  s u b s t r a te s  in  Table 1 can be 
a s se s se d  a c c u ra te ly  by means o f  a c a l ib r a t io n  curve th a t  i s  ob­
ta in e d  in  tlie u su a l manner (page 76),  This was a s c e r ta in e d  by 
th e  fo llow ing  p rocedu re . About 6 mg o f  each s u b s t r a te  was added 
to  a coun ting  v i a l  t h a t  co n ta in ed  I5.O  ml o f  perm afluor and 8 .0  
o f  s ta n d a rd  t r i t iu m - la b e le d  to lu e n e . The samples were counted 
s e v e ra l  tim es by l iq u id  s c i n t i l l a t i o n  and th e  r e s u l t s  w ere compared 
w ith  th o se  o b ta in ed  fo r  th re e  v ia l s  c o n ta in in g  o n ly  perm afluo r and 
8.0  p,jg o f t r i t iu m - la b e le d  to lu e n e . The average a c t i v i t y  found in  
v ia ls  th a t  co n ta in ed  on ly  t r i t iu m - la b e le d  to lu en e  was l 6 , l 44 dpm, 
and e s s e n t i a l l y  th e  same a c t i v i t y  was found in  th e  v ia ls  th a t  con­
ta in e d  a ls o  one o f  th e  s u b s t r a te s  in  T ab le 1.
In  th e  cases  o f  s t ro n g ly  quenched sam ples th a t  c o n ta in  
£ -n it ro e th y lb e n z e n e , 2,-nitrocum ene, o r  r e l a t i v e l y  la rg e  amounts o f 
£-brom oethylbenzene (9  |i.j0 o r  m ore), u se  o f  th e  normal c a l ib r a t io n  
curve le d  to  e f f ic ie n c i e s  th a t  w ere s l i g h t l y  h ig h . C onsequently , 
i t  was found n e c e ssa ry  to  in c re a s e  th e  c a lc u la te d  a c t i v i t y  by 2 -4^ .
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T able 1. A c t iv i ty  D eterm inations o f  Quenched Samples^ by L iqu id  
S c i n t i l l a t i o n .
Quencher Measured A ctlv lty^ (dpm )
I s o b u ty r o n l t r l l e 16060
A cetone 1619k
Cumene 16205
N, N -D lm ethy lan lline 16060
Trlphenylm ethane 16150
9 , 10-D lhydroanthracene 16073
£ -E th y la n lso le l 6oko
m -E th y lan lso le 16815
£-Brom oethylbenzene 1628k
A n lso le 16581
a . The sam ples c o n ta in  abou t 6mg o f  quencher.
b. A c tu a l a c t i v i t y  = l6 l4 4  dpm.
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APPENDIX F 
TRAPPING CONTROLS
A number o f  tra p p in g  c o n tro ls  were d ev ised  and they  w i l l  be 
tak en  up s e p a ra te ly .  The f i r s t  experim en ts  r e la te d  to  tra p p in g  
invo lved  in je c t io n  o f a  known volume o f  s tan d a rd  t r i t iu m - la b e le d  
to lu e n e  in to  th e  gas chrom atograph, c o l le c t io n  o f  th e  to lu e n e  by 
having th e  e f f lu e n t  bubble th rough  15 ml o f  to lu en e -b ased  Perma- 
f lu o r  s o lu t io n  In  th e  manner a lre a d y  d e sc r ib e d  (page 81) ,  and 
d e te rm in a tio n  o f  th e  a c t i v i t y  by l iq u id  s c i n t i l l a t i o n  c o u n tin g . 
The a c t i v i t y  (dpm) o f th e  c o n te n ts  o f  th e  v i a l  was th en  compared 
w ith  th e  a c t i v i t y  o f a sample p rep ared  by d e l iv e r in g  th e  same 
volume o f s ta n d a rd  la b e le d  to lu e n e  d i r e c t l y  in to  a co u n tin g  v i a l .  
The a c t i v i t i e s  o f  th e  two d i f f e r e n t ly  p rep ared  sam ples were con­
s i s t e n t l y  th e  same w ith in  ex p erim en ta l e r r o r .
I t  was no t p o s s ib le ,  how ever, to  ru n  th i s  k ind  o f  experim ent 
f o r  every  one o f  th e  s u b s t r a te s  o f  i n t e r e s t ,  s in c e  th e y  were i s o ­
la te d  in  very  sm all amounts a f t e r  th e  la b e l in g  s te p .  T h e re fo re , 
a tw o-stage t r a p  o r "double b u b b le r"  was d e v ise d ; in  th i s  s e tu p , 
th e  f i r s t  v i a l  i s  provided w ith  a  tw o-holed ru b b er s to p p e r  f i t t e d  
w ith  th e  g a s -d e liv e ry  tube (page B l) and a second J-sh ap ed  le n g th  
o f  g la s s  tu b in g  th a t  lead s  th e  scrubbed gases in to  th e  second 
t r a p  so th e  e f f lu e n t  w i l l  bubble th rough  th e  P erm afluor s o lu t io n  
co n ta in ed  in  th e  second v i a l  to o .
The second b u b b le r, being  in  s e r ie s  w ith  th e  f i r s t ,  w i l l  
m onito r com pleteness o f tra p p in g  by th e  f i r s t  s ta g e .  I n  o th e r
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w ords, b o th  v ia l s  a re  counted by l iq u id  s c i n t i l l a t i o n  a f t e r  c o l­
le c t io n ,  and th e  a c t i v i t y  in  th e  second v i a l  shou ld  be n e g l ig ib le  
p rov ided  th e  f i r s t  s ta g e  i s  e f f i c i e n t l y  tra p p in g  th e  ra d io a c t iv e  
component. I n  p r a c t ic e ,  t h i s  tw o -s tag e  se tu p  was used a t  l e a s t  
once in  co n n ec tio n  w ith  a  g iven  sam ple. The a c t i v i t y  in  th e  s e ­
cond t r a p  was shown never to  exceed one p e rc e n t o f  th a t  in  th e  
f i r s t  f o r  th e  l iq u id  s u b s t r a te s  s tu d ie d .
Q u a n ti ta t iv e  tra p p in g  was a d d i t io n a l ly  proved in  many ca se s  
by f i r s t  perform ing  a "d ry  ru n " , th a t  i s ,  by in j e c t i n g  a  known 
amount o f  th e  n o n -ra d io a c tiv e  s u b s t r a te  and c o l le c t in g  i t  in  one 
o f  th e  two ways d e sc rib e d  above. F o llow ing  t h i s ,  th e  same amount 
in je c te d  was d e liv e re d  d i r e c t l y  in to  a volume o f  to lu e n e  id e n t ic a l  
to  th e  volume o f  to lu en e  co n ta in ed  in  th e  t r a p  (1 5 .0  m l) . F in a l ly ,  
a com parison o f  th e  c o n c e n tra tio n s  o f  s u b s t r a te  in  th e  t r a p  and 
in  th e  v i a l  c o n ta in in g  th e  th e o r e t i c a l  amount was accom plished by 
g lc  u s in g  a  G low all gas chrom atograph f i t t e d  w ith  an ex trem ely  
s e n s i t iv e  f la m e - io n iz a tio n  d e te c to r  (s e e  E x p e rim e n ta l) .
Even a f t e r  r e s o r t in g  to  th e  tw o -s tag e  t r a p s  and th e  "d ry  
ru n s " , a nagging doubt rem ained , f o r  th e se  ty p es  o f  checks would 
f a i l  to  show th e  occu rren ce  o f  le ak s  a t  p o in ts  lo c a te d  p a s t th e  
gas chrom atograph d e te c to r  d u rin g  c o l le c t io n .  A new k ind  o f  con­
t r o l  was adop ted ; i t  in v o lv es  th e  a n a ly s is  by g lc  (u s in g  a flam e- 
io n iz a t io n  d e te c to r )  o f  th e  c o n te n ts  o f th e  v i a l  where th e  r a d io ­
a c t iv e  m a te r ia l  was c o l le c te d .  T h is  check i s  done a f t e r  com­
p le t io n  o f  th e  ra d io a ssa y  p ro ced u re . I f  no lo s s e s  o ccu rred  d u rin g  
c o l le c t io n ,  th e  g lc  assay  o f th e  v ia l  c o n te n ts  must y ie ld  th e  same
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mass o£ ra d io a c t iv e  m a te r ia l  as th a t  f i r s t  determ ined  (upon I n ­
je c t io n  o f  th e  sam ple) from th e  t r a c e  o f  th e  the rm al c o n d u c tiv ity  
r e c o rd e r .
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APPENDIX G
SAMPLE CALCULATIONS FOR OBTAINING NET CORRECTED ACTIVITIES 
BY LIQUID SCINTILLATION COUNTING
The f i r s t  s te p  I s  a background a c t i v i t y  m easurem ent: th e
average number o f  dpm r e s u l t in g  from s e v e ra l  100-m inu te counts on 
a  v i a l  c o n ta in in g  only  1 5 .0  ml o f  P erm afluor s o lu t io n  i s  o b ta in e d . 
For t h i s  a s s a y , background a c t i v i t y . vas 40 dpm. The r e s u l t s  
o b ta in ed  fo r  th r e e  v ia l s  used to  c o l l e c t  th e  gas chrom atographic 
e f f lu e n t  (page 8 l )  a re  d isp la y e d  on T ab le
As s ta t e d  on page 82» ve need to  o b ta in  th e  average o f  th e  
n e t a c t i v i t i e s  pe r m inute o f  c o l le c t io n  tim e fo r  th e  le a d in g  and 
t r a i l i n g  f r a c t io n s :
Average Net A ctiv /M inu te  o f  C o lle c t io n  Time = (622 + 5 2 8 )/2  =» 4?5
S ince th e  cumene peak ( f r a c t io n )  was c o l le c te d  over a  1 .9  m inute 
p e r io d , th e  ex tran eo u s a c t i v i t y  c o n tr ib u te d  by rad io c h em ica l im­
p u r i t i e s  to  th e  cumene f r a c t io n  ( a c t i v i t y  c o r r e c t io n )  i s :
A c t iv i ty  C o rre c tio n  = 4-75 x  1 .9  “  902 dpm
T h e re fo re , th e  " n e t ,  c o rre c te d  a c t iv i t y "  o f  cumene i s  g iven  by:
Acumene = 52,224 -  902 = 51,522 dpm
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Volume C o lle c te d
( p l)
C o lle c t io n  Time 
(min)
G ross A c t iv i ty  
(dpm)
Net A c t iv i ty  
(dpm)
N et A c t iv i ty /  
C o lle c t io n  Time
Leading F ra c tio n 0.5T 270 230 622
Cumene Peak S.k 1 .9 0 52,264 52,224








H ere, th e  c o r r e c t io n  amounts to  o n ly  I . ? #  o f  th e  g ro ss  a c t i v i t y .  
We a re  a b le  now to  o b ta in  th e  m olar s p e c i f i c  a c t i v i t y  o f  cumene 
i n  t h i s  sample as  fo llow s :
51,522 dpm m
^cumene “  ( ) * 1 .3912  x 10^ _____
6 .4  |xl mole
^cumene “  1 .1 2  x 10® dpm/mole
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APPENDIX H
CALCULATION OF TOTAL NUMBER OF CUMÏL RADICALS 
FORMED IN A TYPICAL SAMPLE
A ty p ic a l  sam ple, compounded as o u tl in e d  under th e  com peti­
t iv e  method (page 66) I s  0 .2 5  M In  cumene, 0 .0 0 ?  M In  AIBN, and 
about 7.7  M In  t h i o l .  I f  th e  m olar s p e c i f i c  a c t i v i t y  o f  th e  t h i o l  
(c y c lo h e x a n e th lo l)  used I s  8 x 10^^ dpm/mole, th e  recovered  cumene 
p o sse sses  a m olar s p e c if ic  a c t i v i t y  o f  abou t 4 x 10® dpm/mole.
T h is  means th a t  1 .2 5  in  10® m olecu les o f  t h i o l  a re  la b e le d  and 
o n ly  6 .2  o u t o f  10® cumene m olecu les c o n ta in  t r i t iu m  (see  Appen­
d ix  A fo r  c a l c u la t io n s ) .
S ince a 1 ml sample c o n ta in s  0 .25  mmol cumene, th e  t o t a l  
number o f  cumene m olecules In  th e  sample I s  0.25  x 10 ® N^ (%  = 
A vogadro 's num ber), and th e  number o f  la b e le d  cumene m olecules 
I s  g iven  by:
0.25 X 10"® Na X 6 .2  X 10”® = 1.55 X l O ' i i  N’A
However, the number o f cumyl r a d ic a ls  formed Is  much larger than
the number g iv in g  r i s e  to  lab eled  cumene, because most o f  the
t h io l  m olecules tra n sfer  protlum to  cumyl r a d ic a l for two reasons:
(a ) Protlum ab stra ctio n  from cycloh exan eth lo l i s  favored over
tr itiu m  a b stra ctio n  by the operation  o f  a primary Isotope e f f e c t
th at makes larger than k  ̂ by a facto r  o f  about 10 .5  (Appendix
J  ) ,  and (b) as sta ted  above, cycloh exan eth lo l -S-^H m olecules
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outnumber cy c lo h ex an e th lo l -S-^H m olecu les by a f a c to r  o f  alm ost 
10® (10®A . 25) .  T h e re fo re , th e  number o f  cumyl r a d ic a ls  g en e ra ted  
In  a  1 ml sample I s  g iven  by:
(1.55 X l O ' i i  % )  X 10.5 X “  1-3  X 10"® %
Assuming th a t  Vjo o f  th e  cumyl r a d ic a ls  p a r t i c ip a te  In  te rm in a tio n  
r e a c t io n s ,  th e  number o f  such r a d ic a ls  g iv in g  r i s e  to  te rm in a tio n  
p roducts  I s  10 ^ (1 .5  X 10 ® N^) o r I .5 x 1 0 N^.  Assuming 
f u r th e r  th a t  th e  only  te rm in a tio n  s te p  In v o lv in g  cumyl r a d ic a ls  
I s  s u l f id e  fo rm ation^  (page 100 , th e  number o f  m oles o f  s u l f id e  
formed in  a 1 ml sample would b e :
1 .5  X 10"^ %
'     ^  " ----- = 1 .5  X 10"^ mole
co rresp o n d in g  to  I .5  x 10 ^ M s u l f id e .  The G low all gas chrom ato­
graph used in  our p roduct s tu d ie s  (s e e  E xperim en ta l) cou ld  e a s i ly  
d e te c t  th e  s u l f id e  even a t  such low c o n c e n tra tio n ; th i s  was 
proved by in j e c t i n g  d i l u te  a u th e n tic  sam ples o f  s u l f id e .
^ A s im ila r  co n c lu sio n  I s  f i n a l ly  reached  I f  we assume th a t  
o n ly  blcumene I s  o b ta in ed  In  te rm in a tio n s .
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APPENDIX I
FACTORS INFLUENCING ATTACK ON QH BY RADICALS 
DERIVED FROM Q°H (Q°)
In  co m p e titio n  ru n s . I t  I s  conce iv ab le  th a t  r e a c t io n  1 cou ld  
ta k e  p la c e :
Q° + QH - ^ >  Q°H +  Q* (1)
To g a in  some In s ig h t  In to  t h i s  p o s s ib le  co m p lica tio n , we can use 
th e  s h o r t  d e r iv a t io n  g iven  below . I t  must be s ta t e d  th a t  a  r i ­
gorous tre a tm e n t w ith  In c lu s io n  o f  r e a c t io n  1 In  th e  k in e t ic  
scheme le a d s  (th rough  a s te a d y - s ta te  approx im ation) to  a  complex 
e x p re ss io n  from which no u s e fu l  co n c lu sio n  can be drawn. T h ere­
fo r e ,  we approach th e  problem by f i r s t  d is re g a rd in g  th e  com pli­
c a t in g  f e a tu re  (p e r tu rb a t io n )  and then  u s in g  th e  r e s u l t s  as a  rough 
approx im ation  to  th e  s t a t e  o f  a f f a i r s  when th e  p e r tu rb a t io n  I s  
p re s e n t .  E quation  2 (se e  page k6 ) g iv e s  th e  s te a d y - s ta te  concen-
ky [RS.][Q °h ]
[qO] .  J Î ------------------  (2)
k^CRSH]
t r a t l o n  o f  Q° r a d ic a ls  In  th e  "u n p ertu rb ed  system ". The r a t e  o f  
r e a c t io n  1 ,  R i, I s  g iven  by e q u a tio n  5 fo r  th e  p e rtu rb e d  system :
Rl = ki[Q%][QH] (5)
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S u b s t i tu t in g  th e  e x p re s s io n  fo r  [Q°] above (eq  2) in to  e q u a tio n  3 , 
we o b ta in ;
kH[RS'][Q°H]
Rl Z  k i  '  -------  :---------- [QH] (4 )
kiCRSH]
L et us now t r y  to  ex p ress  [RS*] in  term s o f  th e  c o n c e n tra t io n (s )  
o f  o th e r  system  com ponents. Our p roduct s tu d ie s  (s e e  comments 
on page IQj) p o in t to  r e a c t io n  5 as th e  o n ly  te rm in a tio n  s te p  in  
th e  c o m p e titiv e  scheme.
k
2 RS* — RSSR (5)
At th e  s tead y  s t a t e ,  th e  r a t e s  o f  p ro d u c tio n  and d e s t r u c t io n  o f  
r a d ic a ls  a re  th e  same, a c o n d itio n  m a th em a tic a lly  ex p ressed  as
Ri = 2ktCRS*]^ (6 )
where R i i s  th e  r a t e  o f  i n i t i a t i o n ,  i . e . ,  th e  r a t e  a t  which 
k in e t i c a l l y  f r e e  A* r a d ic a ls  a r i s e  from AIBN. S o lv ing  fo r  
[RS*] in  e q u a tio n  6 lead s  to  e q u a tio n  ?  :
[RS*] “  | ~ |  (T)
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Combining equations k and T » one o b ta in s  :
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kikH / r i \  [Q h ][QH]
Rl  ------------ —  • — ----------- (8)
k4 \ 2k t y  [rSH]
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APPENDIX J
CALCULATION OF A LOWER LIMIT OF k t r ,  THE RATE 
CONSTANT FOR REACTION 1
A* + RSH AH + RS. ( l )
As s ta te d  on page 29, B ru in  e t  a l . ^  e s ta b l is h e d  th a t  1 .3 3  M 
t h i o l  e f f i c i e n t l y  donates hydrogen to  A* r a d ic a ls  formed by t h e r ­
mal decom position  o f  0 .6 6  M AIBN (e q u a tio n  2) a t  80°G in  an  i n e r t  
s o lv e n t .
k i  _ fk ,
AIBN — [2A* + Na] -----—> 2A* (2)
In  B ru in 's  system  k in e t i c a l l y  f r e e  A» r a d ic a ls  r e a c t  m ainly  by 
t r a n s f e r  w ith  t h i o l  (e q u a tio n  1 ) and we have:
= 2fki[AIBN] -  k tr[A -][R SH ] (3 )
At th e  s tead y  s t a t e  ~  0 ,  and
2fki[AIBN]
[A -] = — :— —  (4)
ktrLRSH]
^ P . B ru in , A .F . B ic k e l, and E.G. Kooyman, R e e l. T ra v . Chim. 
Pays-B as . J l ,  I I I 5 (1952).
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L et us co n s id e r th e  very  f a s t  te rm in a tio n ^
2A* - ^ >  Aa k% SI 2 x 10® sec"^  ($ )
R ate o f  te rm in a tio n  = R% = kj.[A*]^ (6)
The r a te  o f  t r a n s f e r  o f  A* w ith  t h i o l  (R tr)  I s  g iv en  by equa­
t io n  7 :
■Rtr = k t r  * fA-][RSH] (7 )
We can now ex p ress  th e  r a t i o  o f  R .̂  ̂ to  R(. as
Rtr ktr[A-][RSH] ktr [RSH]
Rt ktÜA']® kj. [A«]
(7)
The r a te  o f  t r a n s f e r  (R tr)  Is  o b v io u sly  much g re a te r  th an  th e  r a t e  
o f  te rm in a tio n , s in c e  d i n i t r i l e  fo rm ation  in  b u lk  s o lu t io n  i s  
b locked and AH y ie ld s  a re  c lo se  to  th e  maximum (50^) in  t h i s  sy s ­
tem. T h e re fo re , we may ta k e  10 as a re a so n a b le  low er l im i t  fo r  




- s.A. W einer and G.S. Hammond, J .  Amer. Chem. Soc. . 9I ,
9 8 6  ( 1 9 6 9 ) .  ”
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From e q u a tio n s  8 and 9 , we o b ta in
ktrCRSH]
k(.[A" ]
So lv ing  fo r  kj.j. y ie ld s  eq u a tio n  11;
10 k(.[A .]
> 10 (10)
Combining e q u a tio n s  4 and 11 we a r r iv e  a t
10 kt 2fki[AIBN]
" t r  > —  • ,  ,  (12)
[RSH] ktrCRSH]
R earrang ing  le a d s  to  eq u a tio n  I 3 :
20 fk^k.[AIBN] 
“  [RSH]2
S u b s t i tu t in g  in to  e q u a tio n  13 th e  v a lu es  o f [AIBN] and [RSH] in  
B ru in 's  system , k% = 2 x 10® M ^ sec  f  ~  O.5 and = 1 .6  x 
10 sec  ̂ ( fo o tn o te  3) ,  a low er l im i t  fo r  k^^ i s  c a lc u la te d  to  
be k t r  2  10^ s e c ”^ .
® C.G. O verberger, M.T. O 'Shaughnessy, and H. S h a l i t ,  J .  
Amer. Chem. Soc. , 7 1 . 2261 (19^ 9 ) .
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APPENDIX K
CORRECTION FOR RATIO OF ISOTOPE EFFECTS IN 
EQUATIONS 29 AND 60 (CHAPTER 2)
E quations 29 and 60 (C hapter 2 ) ,  which were used to  c a lc u la te  
r e l a t i v e  r a t e  c o n s ta n ts ,  c o n ta in  th e  f a c to r  T h is  I s  th e
r a t i o  o f  two prim ary k in e t ic  Iso to p e  e f f e c t s ,  s in c e  th e  r a t e  con­
s ta n t s  r e f e r  to  th e  fo llo w in g  e q u a tio n s :
kg
Q .  + RSH ------ > QH + RS-
k i
Q .  + r s t  ------ > QT + RS-
Q- + RSH -------> Q H + RS-
Q- + RST  > Q T + RS-
D euterlum  and t r i t iu m  Iso to p e  e f f e c t s  fo r  r e a c t io n s  o f  carbon 
r a d ic a ls  w ith  t h i o l s  have been determ ined  In  t h i s  la b o ra to ry ^  and 
confirm ed by work done e l s e w h e r e . ^ T able 1 , taken  from K .6. 
K nelpp 's  d i s s e r t a t i o n ,3 g iv es  s e le c te d  v a lu es  o f  t r i t iu m  Iso to p e
^ W.A. P ryo r and K.G. K nelpp, J .  Amer. Chem. S o c ., 95»
55% (1971) -
2 E .S . Lewis and M.M. B u tle r ,  J .  O rg. Chem. . 2582 ( I 97I ) -
® K.G. K nelpp, D is s e r ta t io n ,  L o u is ian a  S ta te  U n iv e rs ity ,
1971 .
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T ab le  1. K in e tic  Iso to p e  E f fe c ts  on Hydrogen Atom A b s tra c tio n  
from t^ B u ty l th lo l  by Carbon R ad ica ls  In  S o lu tio n .*
R ad ica l k n /k r  (80°c )
5-H epty l 5 .8 9
T rle th y lm e th y l 8 .53
Benzyl 9.28
D lphenylm ethyl c a . 1 0 .8
T rlpheny lm ethy l 11 .12
* Taken from K.G. K nelpp 's  D is s e r ta t io n ,  L o u is ian a  S ta te
U n iv e rs i ty ,  Baton Rouge, L o u is ia n a , 1971*
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e f f e c t s  on hydrogen a b s t r a c t io n  from t h i o l s .  E v id e n tly , kg /k^  i s  
no t very  s e n s i t iv e  to  s t r u c t u r a l  v a r ia t io n s  i n  th e  r a d i c a l .
The r e l a t i v e  kjj v a lu e s  per m olecule in  T able 5 (p . 114) have no t 
been c o rre c te d  fo r  th e  is o to p e  e f f e c t  ( lE ) r a t i o  r e f e r r e d  to  above, 
th a t  i s ,  th e  IE r a t i o  was assumed to  be u n ity  in  our c a lc u la t io n s .  
C onsequently , each u n co rrec ted  ( r e l a t i v e )  ky v a lu e  should  be m ul­
t i p l i e d  by th e  a p p ro p r ia te  IE r a t i o .  S ince a l l  kg v a lu e s  a re  g iv en  
r e l a t i v e  to  e th y lbenzene  (Q°H), k^ /k^  i s  th e  t r i t iu m  IE on hydrogen 
a b s t r a c t io n  by 1 -p h e n y le th y l r a d ic a l  from th e  a p p ro p r ia te  t h i o l .
From th e  d a ta  in  T ab le 1 , k ^ /k i  f o r  1 -p h e n y le th y l r a d ic a l  shou ld  
be ro ugh ly  10 ( f o r  hydrogen a b s t r a c t io n  from t - b u ty l  t h i o l ) .  For 
a b s t r a c t io n  o f  u n re a c tiv e  secondary  a lk a n ic  hydrogens, kg /kg  i s  
approx im ate ly  6 ( c f  5 -h e p ty l e n try  i n  T ab le  1) co rresp o n d in g  to
a c o r re c t io n  f a c to r  o f  abou t 0 .6 .  On th e  o th e r  hand, th e  c o r re c ­
t io n  f a c to r  i s  c lo s e  to  1 .1  fo r  a b s t r a c t io n  from h ig h ly  r e a c t iv e  
triph en y lm eth an e  ( U . l 2 / c a .  l o ) .
Seem ingly, th e  c o r r e c t io n  can be d isp en sed  w ith  fo r
s u b s t i tu te d  e th y lb en zen es  and cumenes, a l l  o f  which y ie ld
s t r u c t u r a l l y  s im i la r  b e n z y lic  r a d i c a l s .  As th e  r e a c t i v i t y  (o r  
s t r u c tu r e )  d if fe re n c e  betw een a g iv en  s u b s t r a te  and e th y lb en zen e  
in c re a s e s ,  th e  s iz e  o f th e  c o r re c t io n  in c re a se s  to o . The fo llo w in g  
fa c to r s  were used to  c o r r e c t  th e  d a ta  fo r  c y c lo h e x a n e th iy l r a d ic a l  
in  Table 6 (page I I 5 ) : n -dodecane, 0.59» 2 ,3 > 4 -tr im e th y lp e n ta n e ,
0 .83 ; to lu en e  d e r iv a t iv e s ,  0.93» diphenylm ethane, 1 .00 ; t r ip h e n y l­
m ethane, 1 .11; benzyl m ethyl e th e r ,  1 .11 ; 9»1 0 -d ih y d ro an th racen e ,
1. 11.
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APPENDIX L
RESULTS OBTAINED BY THE STANDARD REACTION METHOD
F ig u re s  1 to  3 and T ab le  1 summarize th e  r e s u l t s  o b ta in ed  
fo r  hydrogen a b s t r a c t io n  by cy c lo h e x a n e th iy l r a d ic a ls  by a p p l ic a ­
t io n  o f  th e  " s ta n d a rd  re a c tio n "  method to  m -xylene, e th y lb en zen e , 
and cumene. From th e  d a ta  In  T ab le 1 I t  I s  p o s s ib le  to  c a lc u la te  
r a t i o s  o f  r a t e  c o n s ta n ts  fo r  any two donors by s u b s t i tu t io n  o f  th e  
a p p ro p r ia te  v a lu e s  In to  e q u a tio n  I 7 , which was d e riv e d  In  C hapter
p*
^H “ QH W sH ,l)Q °H  k z /k a=   .  Î--------  . --------  (17)
k°H “ Q°H (ArsH ,i )qH k^/k*
For exam ple. I f  QH = cumene and Q°H = e th y lb en ze n e , we can w r i te :
(kn)cum “cum (^RSH,l)et (ka/k2)cum
(kH)et “et (^RSH,l)cum (k4/k4)et
S u b s t i tu t in g  th e  a p p ro p r ia te  v a lu e s  ( ta k e n  from T ab le  1 ) ,  we 
o b ta in :
(kH)cum 2.4 X 10^° 8.0 x 10^^ (ka/ka) cum
( k H ) e t  7 . 7  X 7 . 5  X I Q i i  ( k 4 / k 4 ) e t
177
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Figure  1. P lo t f o r  Hydrogen A b s tra c tio n  from
m-xylene by the C yclohexanethiyl Radical 
{standard Reaction Method).
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P lot for  Hydrogen A bstraction  from 
Ethylbenzene by the C yclohexanethiyl 
Radical (standard Reaction Method)
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Figure 5 * P lot for  Hydrogen A bstraction  from Cumene 
by the C yclohexanethiyl Radical (Standard 
Reaction Method)
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T ab le  1 . Sutnnary o f  r e s u l t s  o b ta in e d  by th e  " s ta n d a rd  re a c tio n "  
method fo r  cy c lo h ex an e th iy l r a d i c a l .
S u b s tr a te ,  QH Slope "m" (dpm/mole) Ar sh , 1 (dpm/mole)
m-xylene 1 .1 1  X 10® 8 .0  X l o l l
e thy lbenzene 7 .7  X 10® 8 .0  X l o l l
cumene 2.k X lOiO 7 .5  X l o l l
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The r a t i o  o f  Iso to p e  e f f e c t s  i s  very  c lo se  to  u n ity  (se e
Appendix K ) .  T h e re fo re , (kn)cuin/(*'H)et ~  3 *5 * ^ e  r e f e r  to  t h i s  
v a lu e  as th e  r a t e  c o n s ta n t per m olecule fo r  cumene r e l a t i v e  to  
e th y lb en ze n e . I n  o rd e r  to  o b ta in  th e  r e l a t i v e  r a t e  c o n s ta n t per 
r e a c t iv e  hydrogen, we c o r r e c t  th e  r a t e  c o n s ta n t per m olecule so 
i t  w i l l  r e f l e c t  th e  p resen ce  o f  one r e a c t iv e  hydrogen in  cumene 
v s .  two in  e th y lb en zen e :
( ^ H ) c u m  3 » 3 A
“ 5*3 X 2 = 6 .6
(kH)et per H 1/2
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APPENDIX M
ABSOLUTE RATE CONSl'ANTS FOR HYDROGEN ABSTRACTION BY 
CYCLOHEXANETHIYL RADICALS FROM ETHYLBENZENE
C. W alling  and M.S. Pearson^ m easured th e  a b s o lu te  r a t e  c o n s ta n t 
fo r  r e a c t io n  1 ,  kp . They r e p o r t  a  v a lu e  o f  2 .5  x 10® m"^ sec"^  a t  
70° C.
n-BuS* + (C2HsO)3P - ^ >  n-Bu- + (CaHsOjsPS ( l )
The same w orkers determ ined  th e  r e l a t i v e  r e a c t i v i t y  o f  tr ip h e n y l 
ph o sp h ite  (TPP) and t r i e th y lp h o s p h i te  (TEP)toward n -b u ta n e th iy l  
r a d i c a l s .  They found th a t  TPP r e a c ts  more slow ly  than  TEP by a 
fa c to r  o f  0 .0 ^ 8 . T h e re fo re , (kp)xpp can be o b ta in ed  as fo llo w s:
(kp)xpp — 0 .048  X 2 .5  X 10® M ^ sec  ^
(k p )jp p  — 1 .2  X 10"  ̂ M ^ sec  ^
Assuming th a t  kp has th e  same va lu e  fo r  n -b u ta n e th iy l  and c y c lo ­
h e x a n e th iy l r a d ic a ls  r e a c t in g  w ith  TPP, we can e s tim a te  a b so lu te  
kjj v a lu es  by a p p l ic a t io n  o f  e q u a tio n  2 , d e riv e d  on page 5 5 î
l̂ H k i
">Q°H = —  • —  • (ApsH,i)Q°H (2)
kp k4
^ C. W alling  and M.S. P earso n , J .  Amer. Chem. Soc. .  86 , 
2262 (19 6 4 ).
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Solv ing  fo r  le a d s  to  e q u a tio n
^  (3)
(ArSH,i ) q°H ^4
I f  Q°H = e th y lb en ze n e , th e  v a lu e  o f  th e  s lo p e  "m" i s  7*T x 10^® 
dpm/mole, co rrespond ing  to  a s e r ie s  o f  sam ples compounded w ith  
t h i o l  hav ing  an a c t iv i t y  (Arsh , i ) 8 .0  x 10^^ dpm/mole (se e  
Appendix L ). S u b s t i tu t in g  num eric v a lu es  in to  e q u a tio n  3> g iv e s :
7 .T  X 10® dpm/mole x  1 .2  x lO"  ̂ M  ̂ sec  ^ k t  
°  "  8 .0  X  1 0 »  d p . / . . ! .  n
The prim ary  t r i t iu m  iso to p e  e f f e c t ,  k t / k t ,  r e f e r s  to  hydrogen 
a b s t r a c t io n  from cy c lo h e x a n e th lo l by 1 -p h en e th y l r a d ic a l s ,  and 
th e  va lue  o f  t h i s  Iso to p e  e f f e c t  i s  rough ly  10 (Appendix K ) .  
T h e re fo re , th e  a b so lu te  r a t e  c o n s ta n t (p e r m o lecu le ) fo r  e th y l ­
benzene i s :
7 .7  X  10® X  1 .2  X  10*^x 10 s e c " i
~  1.15  X 10® M ^ sec  ^
The r a t e  c o n s ta n t per b e n z y lic  hydrogen i s  eq u a l to  a h a l f  o f  th a t  
v a lu e , th a t  i s :  (kjj)phCoHg^ per H ^ ^  10^ M ^ sec  ^ a t  80°C.
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We n o te  th a t  th e  a b so lu te  r a t e  c o n s ta n t f o r  hydrogen a b s t r a c t io n  
(p e r  atom) from e thy lbenzene  by bromine atoms i s  abou t 7 x 10° M ^ 
sec  ^ a t  40°C ( re fe re n c e  6a, C hapter 4 ) .  T h e re fo re , bo th  sp e c ie s  
a b s t r a c t  hydrogen from e thy lbenzene  w ith  r a t e  c o n s ta n ts  o f  th e  same 
o rd e r  o f  m agnitude a t  th e  same te m p era tu re .
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